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AUTHOE'S PEEFACE 



This book has been written mainly to supply a want felt in my own 
teaching experience. It is designed to meet the requirements of the 
student who, while not intending to devote himself to the detailed 
study of General Chemistry, still wishes to follow intelligently the 
progress recently made in this important branch of science. Numerous 
assurances of my colleagues have convinced me that there is an actual 
demand for such a work. 

In conformity with this design, I have abstained as far as possible 
from the use of mathematical formulae, and have always striven after 
clearness of exposition. The task has been all the more difficult that 
the course of study still pursued by the average chemist has laid upon 
me the necessity of avoiding the employment of higher mathematics. 
When possible, I have applied graphic methods : when a clear proof 
could not be given in an elementary way, I have contented myself 
with simply stating the result. Of course one can with the help of 
more or less cumbrous mathematical apparatus give an " elementary " 
proof of almost anything ; but experience has shown that such diffuse 
page-long calculations are of no real aid to the comprehension of the 
subject. Another reason that has led me to adopt the above mode of 
treatment is that the reader who has only an acquaintance with 
elementary mathematics may be brought to see the necessity of 
acquiring at least the rudiments of the higher analysis. Without 
such knowledge it is possible (as I have endeavoured to show in the 
following pages) to understand both the methods and the results of 
Greneral Chemistry ; but for successful work in this field such know- 
ledge is indispensable. 
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Within the last three or four years an enormous advance has beenn 
made in chemistry by the theories of solution and of electrolytic dissocia — 
tion, due respectively to van 't HofF and Arrhenius. I hope not only^ 
to have rendered a service to students by the elementary exposition of 
these epoch-making theories and the experiments on which they are 
based, but also to have contributed towards their general recognition 
amongst my fellow-teachers — a recognition which can scarce be longer 
delayed. 

In accordance with the general character of the work, I have given 
as references only the authors' names and the year of publication, which 
if need be will suffice to identify the original memoirs in the indexes 
and catalogues of papers now everywhere accessible. 

W. OSTWALD. 



Leipzig, July 1889. 



TRANSLATOR'S PREFACE 



To what Prof. Ostwald has said with regard to the scope and object of 
the present work the Translator has nothing to add. He can only hope 
that the publication of the book in English form will conduce to the 
acceptance in this country of the new ideas to which the author has 
alluded. The singular disregard of the discoveries of van 't HofF and 
Arrhenius amongst the English-speaking scientific public must be in 
great measure attributed to the want of a connected account of them 
from one uniform point of view, — a want which this volume amply 
supplies. 

The student who wishes to pursue his study of the subject further 
will find plentiful details in the author's Lehrhmh der allgemeinen 
Chemie (2 vols. Leipzig, Engelmann), a second edition of which is in 
preparation. 

With regard to the English version, its siibstantial accuracy may 
be guaranteed from the fact that the revised proofs have all passed 
through the author's hands. The Translator has also to thank Dr. Alex. 
Smith and Mr. T. S. Murray for kind assistance in proof-correction. 
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MASS 



CHAPTER I 

FUNDAMENTAL LAWS 

CniansTRY is the science which treats of the different forms of matter, 
their properties, and the changes which they undergo. We can only 
know and distinguish between the objects of the external world by 
means of their properties, i.e: by the direct or indirect impressions they 
make on our organs of sense. These objects we call substances 
when we consider them with reference to properties which are 
i independent of their quantity and of their position in time and space. 
It may be frequently noticed that one substance changes into 
another, e.g. wood into charcoal, wine into vinegar, so that instead of 
the original substance we get another with quite different properties. 
Suck changes are chemical processes, and are subject to definite 
laws, a n exact kno wledg;e of which has onl y bee n obtained, in th,e 
last hundrea years7~lhough centuries of patient work had been 
occupied in paving the way to them. The most general of these laws 
is that which is usually called the law of the Conservation of 
Matter. It may be stated as follows — 

The total mass of the substances taking part in any 
chemical process remains constant. 

But we know that the masses of all bodies are at any one place 
proportional to their weights ; we may consequently substitute weight 
for mass in the above law. 

Nowadays that we are accustomed to look upon ponderable matter as 
wmething objectively existent, such a law appears to us as self-evident 
TIus habit of thought, however, is not more than a hundred years old, for 
Wore the end of the eighteenth century (when Lavoisier first expressly 
stated the law) it was quite as customary to assume the contrary as not. 
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The law may be proved experimentally by instituting any kind 
of chemical process within a completely closed space, e.g. in a sealed 
glass vessel ; the .-VKeight of the vessel and its contents after the 
operation remains absolutely the same as at first. On a gigantic scale 
the same proof is furnished by the solar system. The velocity of 
revolution of the planets round the sun is dependent on their masses ; 
since now the length of the year has not changed appreciably from 
the remotest historical times, we must come to the conclusion that, 
in spite of the manifold chemical changes which take place on the 
earth and in the sun, the masses of these bodies have remained 
unaltered. 

We might now perhaps be inclined to conceive a chemical process 
in the following manner : substances consist of indifferent matter, 
which during any chemical process simply becomes invested with 
different properties from those which it originally possessed, without, 
however, itself undergoing any real alteration. 

This conception was as a matter of fact for a long time prevalent, 
but the following laws, empirically discovered, are in discordance 
with it — 

If one substance is transformed into another, then the i 
masses of these two substances always bear a fixed ratio 
to each other. '* 

Thus 100 parts of zinc on combustion yield exactly 124*5 parts of a. 
white powder (zinc oxide), no matter how much' zinc is taken or how the 
combustion is conducted. Zinc oxide may also be obtained by methods 
widely differing from ordinary combustion ; but in all cases its properties 
are the same, and a given quantity of zinc always yields the proportionate 
quantity of oxide. 

Such a transformation of one substance into another of different 
mass can only take place according to the first law when a second 
substance participates in the reaction. 

The following law, therefore, is in intimate connection with tJgfefc 
given above — 

If several substances react together, then their masses, 
as well as those of the new bodies formed, always bear 
fixed proportions to each other. . 

It is here particularly to be noticed that the changes in di| 
properties of substances always take place by leaps and bounds in 
chemical reactions. If we subject zinc to combustion, we never ^ pd 
any intermediate stages be tween it and its oxide^ such as might ocGOr 
if the whole mass of zinc graJually altered its properties until 
acquired those oi .ziiia oxide..; but that the zinc changes directly into 
oxide part by part. If the operation is interrupted, that part of the 
zinc which has undergone any change is found to be completely 
converted into oxide, while the mrt which has not reached this 
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stage is unchanged zinc. We must conclude from this that for the 
existence of a substance the presence in pej2{ggyjg^|^||||^u^gy2^^ 
of the particles of which it is compose(l|^^^^^^^^xn^auseof 
these laws cannot be comprehended on^fflMBfflHlption of the in- 
difference of matter, so that this view has been abandoned and the 
following one substituted for it. c 
Substances consist of very small particles of different kinds, which ^ 
only alter their arrangement and not their nature during any chemical 
process. The mass, therefore, suffers no change. Different substances 
contain these dissimilar particles in different proportions, in such a 
way that each substance consists of one or more definite kinds of 
them in definite proportions. From this assumption the above laws 
follow of necessity. 

Such "hypotheses" as the above have not the same claim to truth 
as the abstract laws themselves, but their employment has its origin in the 
organisation of the human mind, which handles abstract truths much less 
easily by themselves than with the help of an illustrative image. The value 
of a hypothesis depends on the one hand on the convenience, and on the 
other on the comprehensiveness of the image, and the extent to which a 
hypothesis possesses these properties is decisive as to whether it ought to be 
retained or not Thus it continually occurs in the history of science that 
such a hypothesis, which had served to represent a certain number of laws 
satisfactorily, has had to be given up because new laws were discovered of 
which it could not take account, so that another had to be found to take its 
place. It is customary in such a case to say that the older hypothesis has 
been refuted ; but this is not quite correct. A hypothesis can neither be 
proved nor disproved. It is merely a tool which is rejected when found to 
be no longer serviceable. 

The hypothesis stated above concerning the nature of substances and of 
chemical processes is so far serviceable as to give us a clear idea of the laws 
we have mentioned ; not only, however, does it do this, but it presents 
to us the^ possibility of foreseeing other regularities, and consequently 
advances scientific investigation from the stage of blind groping to that of 
conscious progress. 

When the transformation of substances into others is accompanied 
by change of mass, then by the first law this can only take place 
either by several substances uniting to form one, by one substance 
decomposing into several, or by both of these processes together. 
The substances into which a given body decomposes (so that the sum 
of their masses is equal to that of the original substance) are called 
its component parts, or simply components. If these components are 
in their turn subjected to decomposing influences they may often be 
split up, and so the process may be carried on; at last, however, 
we come to substances which resist all attempts at their further 
decomposition. 

In the sense of the above hypothesis, such undecomposable 
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substances or elements must be looked on as the ultimate com- 
ponents of existing substances, i.e. the latter must be composed of 
particles of these elements. In accordance with this view, we find 
that we can by proper methods regain the elements from compounds 
which they formed by their union. 

We might ask, " Is matter infinitely divisible 1 " Since the Infinite^ 
in any for|BL.jgannot_be the subject of expe rienc e^ this question is 
evidently an objectless one for chemistry, which is essentially an 
experimental science. If we wish, however, to make further use 
of the above hypothesis, we must obviously assume that matter 
is not infinitely divisible, for on this assumption only has the 
hypothesis that the elements exist as such in chemical compounds 
any meaning : the question whether further divisibility is conceiv- 
able need not be touched upon. This assumption is supported by a 
remarkable law discovered by Dalton in 1808. 

If a substance A unites with another B in several propor- 
tions, then the masses of B which unite with one and the 
same mass of A always stand in simple ratios to each other. 
Thus, for example, oxygen and nitrogen, the components of atmo- 
spheric air, unite to form several compounds, which contain to 100 
parts of nitrogen 57-1, 114-3, 171-4, 228*6, and 285*7 parts of oxygen 
respectively. These numbers are to each other as 1:2:3:4:5. 

Our hjrpothesis explains this fact as follows. If we admit that 
matter is composed of small particles, we must inquire if these 
particles — ^which shall be called once for all atoms — are in a given 
substance all similar, or if they may differ from each other, like grains 
of sand. If we make the latter assumption, we ought to be able to 
get two specimens of water with somewhat different properties, just 
as we can separate sand into fine and coarse particles. Experience at 
first sight seems to speak in favour of this, for river-water, spring- 
water, and sea-water are all different. A more minute investigation, 
however, shows the contrary. These varieties of water differ {rom 
each other only because they are not pure, i.e. are not water alone: 
If we by proper means free them from all foreign bodies, we obtain 
specimens of water which agree Mdth each other in every respect — 
so completely that the most exact measurements can detect no 
difference in their properties. 

We must therefore assume that the atoms of every pure substance 
are all like among themselves. Then Dalton's law of Multiple 
Proportions follows of necessity. For a compound of A and B in 
varying proportions can only be formed by one, two, three, etc. 
atoms of A uniting with one, two, three, etc. of B, so that only, 
rational proportions can obtain between the atoms of A and B, and 
therefore the quantities of B which can unite with a given quantity of 
A must stand to each other in simple ratios. 

From this result the atomic hypothesis leads us to a further 
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conclusion. If the above conception of atoms be in accordance with 
the facts, then all relations of mass in chemical compounds must be 
regulated by the masses of the several atoms. Without having to 
enter upon the determination of the absolute masses of the atoms, 
we must require that the relations of the masses of all combinations 
of the elements shall be expressible by certain numbers (or their 
multiples), which are definitely fixed for each element and which 
represent the relative masses of the different atoms. 

Hydrogen combines with oxygen for example in the proportion 1 : 8, 
with sulphur in the proportion 1 : 16. We therefore require that all 
compounds of oxygen with sulphur shall be expressible by the numbers 
m8 : nl6, where m and n are whole numbers. As a matter of fact, we know 
compounds of these elements in which their masses are represented in the 
proportions 2 x 8 : 16 and 3x8:16, and no others. 

Dalton drew these conclusions at once when his discovery of the 
law of Multiple Proportions led him to the atomic hypothesis and 
found them confirmed by experiment. 

The number and nature of the experiments were, however, in- 
sufficient to place a proposition of such importance on a firm footing. 
Berzelius was the investigator who accomplished this task. The 
result at which he and all his successors arrived was ever the same ; 
they found that the requirements of the atomic theory are 
always strictly fulfilled. 

Such a broad and far-reaching agreement of the empirically determined 
abstract laws with the atomic hypothesis formed to explain the cause of these 
laws justifies us in expecting still further concordance between this 
hypothesis and experience. In fact, all our chemical experience 
harmonises with the atomic theory and finds in it an easy mode of expres- 
sion, so that in what follows we shall always employ it. But once for all/ 
be it understood that the atolnic hypothesis is only a mode of picturing Uv 
ourselves what we know of the behaviour of substances. What the " real 'j| 
nature of matter is, is to us a matter of complete ignorance, as it is or 
complete indifference. 

To conclude this chapter, we may again give a short statement 
of the theory of chemical compounds in the light of the atomic 
hypothesis. 

All substances consist of discrete particles of finite but very small 
size — of atoms. Undecomposable substances or elements contain atoms 
of the same nature, form, and mass. If chemical combination takes 
place between several elements, the atoms of these so arrange them- 
selves that a definite and usually small number of atoms of the 
combining elements form a compound atom which we call a molecule. 
Every molecule of a definite chemical compound (chemical species) 
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contains the same number of elementary atoms arranged in the same 
way. 

If the same elements can unite to form different compounds, the 
elementary atoms composing the molecules of the latter are either 
present in different numbers, or if their number be the same, they 
are differently arranged. 



The only way of learning whether a given substance is simple or- 
isompoiiDd is to assume that it is compound and apply all known 
methods to effect its decomposition. 

If the products we ohtiiin always weigh more tban the substance 
\\m\i and never less, no matter to what changes it has been subjected, 
then, provided each change is complete and accompanied by no loss of 
suhtance through our imperfect methods, we are constrained to regard 
tkt substance as an element, 

Tlie (jy^ception of ;i.Ti^^ 1 ^ |if^t in the chemical sense is therefore 
^tgf an uigecompo5" ed, not j| jig unc^ ipcompos^la substanc e, 
uml is c^jHi^equently liable to some extennochange, being specially 
(iependent on the resources of chemical analysis, so that it must 
lemain quite uncertain w^hether or not the subsUinces called elements 
e any real title to the simplicity implied in the name. At any 
we cannot decide whethei- our present " elements ^* are actually 
iiiidecomposable or not But one thing we can decide, vix. if they are 
taces of the same or of ditiererit orders. The fac ts almost 
fthout exception go to show that if the elements arc really compositji 
iylnust at least be composite to the same degree, so that tfae 
essf n 1 decompositi on of one of the present elements, say copp^, 
tid malce it almost certain that the other elements could be de- 
i ^pose d in jhft Rflp^ W4^- The reasons for this conclusion can only 
frgiveiTlater, when the properties of the elements and their numerical 
rtlatians have been discussed. 

The number of elements hitherto discovered is about seventy ; an 
^'fc figure cannot be given, as the record of some substances usually 
on as elements is not yet closed and theii' claims are therefore 
takful. The following is a list of the undoubted elements — 



Alainiiiiiun, Al. 
1 ARftuic?^ Aa. 



Barium, Ba. 
BpryUuim^ Be, 
Bkmiitli, Bi. 



Boron, B. 
Bromine, Br. 



Calcium, Ca. 
Carbon, C, 
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Cerium, Ce. 
Chlorine, CI. 
Chromium, Cr. 
Cobalt, Co. 
Copper, Cu. 
Erbium, Er. 
Fluorine, F. 
Gallium, Ga. 
Germanium, Ge. 
Gold, Au. 
Hydrogen, H. 
Indium, In. 
Iodine, I. 
Iridium, Ir. 



Iron, Fc. 
Lanthanum, La. 
Lead, Pb. 
Lithium, Li. 
Magnesium, Mg. 
Manganese, Mn. 
Mercury, Hg. 
Molybdenum, Mo. 
Nickel, Ni. 
Niobium, Nb. 
Nitrogen, N. 
Osmium, Os. 
Oxygen, 0. 
Palladium, Pd. 



Phosphorus, P. 
Platinum, Pt. 
Potassium, K. 
Rhodium, Rh. 
Rubidium, Rb. 
Ruthenium, Ru. 
Samarium, Sm. 
Scandium, Sc. 
Selenium, Se. 
Silicon, Si. 
Silver, Ag. 
Sodium, Na. 
Strontium, Sr. 
Sulphur, S. 



Tantalum, Ta. 
Tellurium, Te. 
Thallium, Tl. 
Thorium, Th. 
Tin, Sn. 
Titanium, Ti. 
Tungsten, W. 
Uranium, U. 
Vanadium, V. 
Ytterbium, Yb. 
Yttrium, Y. 
Zinc, Zn. 
Zirconium, Zr. 



It is presumed that the reader, from liis knowledge of descriptive 
chemistry, is already sufl&ciently acquainted with the nature and 
properties of the chemical elements, so that these may be passed over 
here. Attention need only be drawn to one point, viz. that by far 
the greater number of the elements are metals, the similarity of 
whose properties forms one of the argiunents which speak in favour 
of the assumption that the elements are substances of the same 
order. 

To the names of the elements in the above table are afl^ed their ab- 
breviated symbols. Such symbolic representations have been in vogue 
in chemistry from the earliest times, when in particular the metals 
obtained the signs of the planets. They had at first only a ^JUglitgJj^? 
significance , and stood simply for the name of the substance. With 
fn^aevelopment of the atomic theory, however, they received an 
extended, SU^iMlitati^j meaning, as they then had to represent an 
atom of the suostance in question. Dalton, immediately after pro- 
pounding the atomic hypothesis, elaborated such a system of symbols, 
which, however, consisted of arbitrary signs, and consequently made 
great demands on the memory. Berzelius was the first to invent a 
really practical symbolic notation, namely, that in which the first one 
or two letters of the names of the elements were used to represent 
their atoms. 

Chemical compounds are symbolised by writing the elementary 
symbols alongside each other. If several atoms of an element are 
present in the compound, its symbol is in general not repeated, but has 
merely the number of the atoms affixed to it, commonly in the place 
of the mathematical index, more unusually prefixed as a factor. In 
complex formulae a great saving of space is thus effected. 

The significance of chemical formulae is not exhausted by the 
indication of the nature and number of the atoms. In the first place, 
as a knowledge of the relative atomic weights is postulated, they give 
us complete information regarding the relative masses of the elements 
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in the compound. Again, it is sought through them to give a re- 
presentation of the more or less intimate relations in which the atoms 
stand to each other in the molecule. With this intention we write 
constitutional formulae, in which these relations are exhibited by 
the relative positions of the symbols. 
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CHAPTER ni 



ATOMIC 

AcooKDiNG to the preceding chapter there exists for eacli element a< 
dofinite number, whick either hy itself or when multiplied by a whola 
number determines the quantity of that element that enters into its 
compounds, Thia number, the combining-^veight, or more exactly, thm 
combining-mass, can only be determitied relatively, i.e. that of onei 
element must be arbitrarily fixed, those of the other elements beiog 
referred to this value. 

Considered from the point of view of the atomic hypothesis, thesat 
numbers are the relative masses or weights of the atoms, and are^ 
therefore usually called atomic weights. The designation atomic masa 
would be more appropriate, for it is really with the mass of thesa 
material particles and not with their weight, which varies from placai 
to place, that we are concerned. Wo will, however, use in th^ 
following pages the incorrect name "atomic weight," as it is noi| 
employed in all liranehes of chemical literature^ and as no grave erfw 
is likely to arise from its use. 

The determination of the relative combining or atomic weigh ti 
was the most important task experimental chemistry had to under- 
take after the discovery of the fundamental laws of mass- For il 
these constants were once correctly determined, it became possible t<3^ 
calculate the relations of mass in all chemical compounds with thi^ 
same degree of accuracy after the relative numbei'^ of the different 
atoms had been ascertained by an analysis of only approximate 
correctness. 

At first it was practically Berzelius alone who devoted himself to this taak, 
and executed it in a comprehenBive way with a degree of certainty and 
accuracy quite extraordinary for hia time, Hia numhera therefore enjoyed 
the greatest confidence, especially on the Continent In England somewhat 
different numbiira were in use, in consequence of a hypothesis which will be, 
discussed later. When these numbers;, however, were subjected to a revisioa 
by Turner, the values of Berzelius were found to be confirmed in the mosi 
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striking manuerj so tliat the confidence in the accuracj of the latter reached 
at tbifl time its highest point. 

Meanwhile the most careful experimenters, in the course of the analysis 
of organic compoimds containhig only uarhgn and hydrogen, found niiinbei^ 
f wMcli tnade the sum of the components appear greater than the <iuftntity of 
j inbtance taken. As, in the an^ysis, carhon is weighed as carhonic acid, and 
btdrogen as water j there remained nothing hut to conclude that the quantity 
of the element in question that the one or the other contained had had a 
wrong Talue assigned to it in the calculation. Researches of Liehig and 
Mlenbacher, Uuniaa and Slas, Erdmann and Marchaud, which were made to 
lest tHs, all went to prove that Berxelius in his determination of the atomic 
veight of carboTj hail made a coni^iderable error, one of about two per cent 

This wholly unexpected discovery (1840) created a perfect psmic aniangst 
ibmiils. The height of confidence foroierly felt in the numbers of Berzelius 
now equalled by the depth of di intrust conceived for them, and thia 
mat was cousiderably enhanced by tlit; ixtsitmn aaaunied by Dumas with 
rrl to t]ie question. An active revision of Berzelius^e numbers at once 
"enced, the result of which was to show that this error was by far the 
^t, in fact almost the only one he had coumiitted ; the numerous rede- 
inationsf all coufiTmed the correctness of the other values found by this 
kntiotis experimeuter. Nemesis, too, soon overt(>ok Dmuas, for an 
mely extensive research of Ids own on the atomic weight of a great number 
i>F elfinients was proved to he almost wort bless on account of a source of error 
tile chief method he employed. 

Sine*; then revii^ions and retletermi nations of the atomic weights have 
ateadily in progress. Twice, however, they have received a special 
pulse. Finst, a hj potliesis advanced by Front and Meineclte stating that 
iitomic weights were multiples of tbat of hyilrogen incited to a great 
nikir of extremely accurate researches, in particular to those of Stas, which 
tlibmpect are unsurpassed. Again, the relation discovered by Mendelejeff 
Lotbar Meyer betweeti the masses and the other piiDperties of the atoms 
oned many investigations, for in particular cases the general relation 
ed not to hold, and as a prahable cause of this was the inexact determina- 
imf the atomic weights, a revision of these bet^amt: necessary. 

As we can at present determine the vahies of the atomic we i gilts 
lativelj, we have in the first place to fix the unit to which they 
*! be referred, Ls. the atomic weight of one of the elements 
1>e arbitrarily fixed equal to a certain number. Dal ton adopted 
,^ea as his standard ^ as its atomic mass was the smallest of all 
rselins aul>sequently abandoned this unit from the following practical 
nsidamtions. There are very fovv^ hydrogen compounds that are 
Ho of being analysed Tvith exactness, so that the ratio between 
e atomic weight of hydrogen and that of other elements can only be 
dtiteiinined for the most part indirectly. Oxygen, on the other hand, 
very suitable compounds wdth nearly all the elements, and so 
^lios chose It as his standard sulrstance, setting its atomic weight 
t e^iual to unity, but to 100, so that the other atomic w^eights 
gbt he of coDYeTuont magnitude. I^ater on, chemists returned to 
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Dalfcon'fi unit, because hydrogen had become in other respects 
sta,ndard subatauce in the science. A practical difficulty has, however 
arisen from thisj viz* that all the values of atomic weights which hav 
been determined with respect to oxygen — and that is the greni 
majority — mnat be calculated by the aid of the ratio Hydrogen : Oxy- 
gen. This ratio is unfortunately by no means well known ; tha 
jKJssible error in it amounts to much more than the error in a large 
number of atomic weights of elements compared to that of oxygen, bo 
that by this method of calculation the results are affected with m 
necessary inexactness. 

It is therefore most practical to formally retain Dal ton's unit, hut 
really to return to that of Berzelius by arbitrarily setting the atomic 
weight of oxygen, which is very approximately sixteen times that of 
hydrogen J equal to 16, 

Tliis ia the same mode of procedure that recommended itself as the only 
practical one in fixing the metric unit of length. The metre was originallf 
intended to be a ten-millionth part of the eartb*3 quitdraiit. The determim 
tioa of this value, however^ by geodetic measurement is susceptible of much 
I less accuracy tluin the process^ of making copies of this length once it \w 
determined, eo that we run the danger of getting a sensibly different rnetr& 
at every new measureHient of arc. It was therefore agreed to accept tM 
original measure of lengtli kept in Paris and cons true tijd in the above m^f 
aa the real metre, and to give tip its relation to the earth's quadrant 
altogether. 

The unit of electrical resistance has been lately fixed in the same way 
a value was arbitrarily chosen which differed but little from the theoretical 
value, Tliis ooght to be the case in chemistry likewise ; all calculations in 
this book will therefore be made on this bafsis. 

Of the numerous researches that have been undertaken with a view 
to fixing the atomic weights of the various elements only a few can be- 
mentioneii here. But at least the most important of the methods 
employed will be illustrated by examples. 

The atomic weight of hydrogen when that of oxygen is fixed at 
1 6 is approximately 1 , The first of the moro exact detormination^ 
was carried out in 1819 by Berzelius and Dulong according to 
method which has since been retained by almost all other investigators. 
The hydrogen takes up oxygen from copper oxide to form water, which 
is then collected in suitable yessels^ the last particles of water vapour 
being held back by dehydrating agents such as sulphuric acid ol 
phosphoiTZs pentoxide. 

In these experiments 30 "5 19 g, of water were obtained, Thi 
copper oxide, which was weighed before and after the experiment, losti 
27'129 g. This represents the oxygen contained in the water; tb^ 
quantity of hydrogen therefore is 30*51D - 27^29 = 3'390 g. la 
water we assume that there are two atoms of hydrogen to one 
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oxygen; if the mass of the latter is 16, the following proportion will 
hold, X being the atomic weight of hydrogen, 

16 :2x= 27-129: 3-390, 

16 X 3-390 ^^^^ 

Similar experiments with similar results were later performed by 
Dumas and by Erdmann and Marchand. 

Proceeding in the reverse way, Cooke and Kichards (1887) com- 
pressed hydrogen gas into a previously exhausted glass globe and 
burned it by means of heated copper oxide. Here the hydrogen and 
the water formed were weighed, the oxygen being determined by 
difference. This method avoids the drawback of determining the 
weight of the hydi-ogen as the difference of two much larger numbers, 
but it contains one source of error, viz. that pure hydrogen gas is 
extremely difficult to prepare, and any little impurity causes a rela- 
tively great error, as all other gases are so much heavier than hydrogen. 

E. H. Keiser (1888) has, however, succeeded in avoiding this error. 
Metallic palladium absorbs hydrogen (but no other gas) in consider- 
able quantity and gives it up again when gently heated. Palladium 
was consequently saturated in a suitable vessel with hydrogen, which 
was expelled by heating and then burned by means of copper oxide. 
Here again the hydrogen and water were weighed and the oxygen 
found by difference. In ten experiments 6*55880 g. hydrogen gave 
58-86263 g. water, whence H= 1-0032. This number is the most 
probable of all those hitherto found. 

Values lying near this have been obtained from the determination of the 
specific weights of oxygen and hydrogen, it being known that these two gases 
unite in the proportion of 1 : 2 by volume. The specific gravities have been 
ascertained at different times by different experimenters. Regnault's numbers 
give H = 1-002 5; new values obtained with the greatest care by Lord 
Rayleigh lead to H = 1*0055 if we take account of the work of Scott (1887), 
according to which the gases do not unite in the proportion 1 : 2, but 
1 : 1*9965 by volume. These values, however, are less trustworthy because 
the preparation of perfectly pure hydrogen is at present still an unsolved 
probleoL 

A good example of a somewhat more complicated mode of pro- 
cedure for the determination of atomic weights is to be found in the 
method, again given by Berzelius, for chlorine, potassium, and silver, 
as it was afterwards employed by several chemists, in particular by 
Alarignac and Stas. 

Potassium chlorate, KCIO3, is decomposed by heat into KCl + 30. 
Stas, taking in such an experiment 127*21-25 g. chlorate, found 
77-4023 g. potassium chloride in the residue, consequently 49*8102 g. 
oxygen had been driven off. Now as three atoms of oxygen are con- 
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Ukxtml in the potassium ehlomte, we can set the folloirbg proportioiL 
\\ \mi^ X is the formula-weight of potasdum chloride, KCI : 

3x 16:3£^49 8102:77 4023, 

74 *590, * ^ 

The foi'muk-weight of potassium chloride is therefore 74-590^ ie. 
ihv mm of the atomic weights of potassium and chlorine js equal to, 
ihU nuniljer, 

got the separate rallies from this the formula-weight of silver 
cLIoridu mi^ obtiiined by its aid. For this purpose a known quantitj 
of |^ol^^asium chloride TB^as precipitated by excess of silver solution and 
tb(^ silvur chloride washed and weighed. In this way Marignac (1846) 
iibhiituHl from 14*427 g. potassium chloride 27*732 g. silver chloride, so^* 
that the formula-weight of the latter may be found from the proportioa 

74.5^^0 :.t= 14*427 : 27-732 
UjIjo x= 143-39. 

Lastly, the ratio of chlorine to silver in silver chloride Avas Je- 
tcrmiiRul by the transformation of a known weight of silver into eiiver 
chloritio, tht? weight of which was also observed. This transformatioji 
mi\ bo brought al>out in various ways ; we can heat the silver in a 
«t4 tiMUi of fldoriue, when it goes directly into silver chloride, or we mf 
tU wt diftHulve it in nitric acid so that it becomes silver nitrate, which ifl 
thou tHtnvorted into silver chloride by precipitation with hydro- 
cldoi'ic arid, ivnnnonium chloride, or any other suitable compound 
oblonm>, Tb** siwm ratio bcstwoen silver and silver chloride is alvvaj* 
iditiUiuMlj nu mai ler which process we adopt From such experiments. 
1 wtiUHa omi by 8tus, who found that 101*519 silver gave after 
hoatiu^^ in a Htrenm of tdilorine 134*861 g, silver chloride. As tba 
fuiiuulu weight of tlio latter was found above equal to 143-39, we gelj 
^liii atoiuio wt^iglit i>f silver from the proj>ortion 

Ua*3J) :x = 134-861 : 101 -5 19, 
x = 107-94. 

'Vhe utomio w^eighl of silver is consequently Ag ^ 107 "94. From this 
(vjUonvjs ivu'thor, alru'e AgCl ^ 143"39j that the atomic weight of chlorinii 
la \ \ a 11*7 1 ^ 35-45. Lastly, if we subtmct this value CI = 35 45 
(l uiu U^o uuudHH' obtained in the first series, KCI ^ 74*59, the atomie 
wiijht i^i pi*tiuaium follows as K= 39*14. I 

*Vh^ iut*at u\aot iiud trustworthy of such researches are those 
^ ^ HVi^ ^liitit^-tl^X which comprehend the elements silver, chlorine^ 
1, . 1 . 1iut\ jM>l uMiiuu, sodium^ lithium, sulphur, nitrogen, and lead- 
s. (u\u' eleiiioJitsJ he altered the method of Berzelius in so 
- -.L-4eU, for example, silver chlorate, AgClOg, instead al 
l a I u this way he arrived dtrectly at the formuki 
' v^Woi'idi^ aiulj by determination of the ratio between 
.i,v. lAtomic weights of these two elements. 
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Similar operations with silver bromat« aiid iodaUi, c^jmbiaed with the 
determination of the rjttios of the ekments in silver bronjicle and iodide, 
gave the values for bromine and i*>dine as well as two new and com- 
plete! independent values for silver. It is in the highest degree 
noteworthy that tliese values for the atomic weight of silver^ though 
totally independent of eaeh other and obtabied from different sub- 
Sitaiices, agree in the most perfect manner. This forms, indeedj one 
l^the heat evidences of the excellence of the atomic hypothesis. 
H For sulphur Htm adopted the foUoiving method. On the one 
Hud he reduced silver sulphate, Ag^SO^, by means of hydrogen to 
Hper; on the other he transformed silver by means of sulphur 
»a silver sulphide, Agjy. The mlculation of the results is as follows: — 
^BO'OOO g. silver heated in sulphur va[>our gave 172"2765 silver 
HipMde; consequently 100 jmrts of silver combine with 14*851 of 
PRlphur, On the other hand 56071 g. silver were obtained from 
Bl 033 g. silver siUphate, Now, as the I'atio of silver to mlphur in 
mjkm sulphate and in silver sulphide is the same^ it follows that along 
Bith the 56-071 g. silver in the 8r023 g. sulphate there must be 
■0^275 g. sulphur. The remaitider, l6-<>247 g., is oxygen. The mass 
Btbe fonr atoms of oxygen contained in the snlpkite must therefore 
H to that of the one atom of stdphur as 16*6247 : 8*5275, and ao we 

■ 4 X 16 :x = 16-6f347: 8^3275, 

■ x = 32 06, 

tie atomic weight of sulphur is S= 32"06. 
H For the three alkali metals Stas employ e<l the method of silver 
HtnLtroiL, originally worked out for quite another purpose by Gay- 
Btoaac^anJ usetl for the first time by Pelouze (1^845) in atomic-weight 
^rorminations. 

If a silver solution be added in small quantities at a time to the 
eolation of a chloride, we can easily tell the moment when all the 
chlorintj has gone into silver chlodde hy a further drop of silver 
foltition producing no cloudiness in the liquid which haa been made 
■kar by shuking and allowing to stand. 

V For example, 10%7249 g. sodium chloride were weighed out; this 
required a quantity of silver solution which contained 10*4100 g. silver 
dissolved in nitric acid. If x lie the formula- weight of sodium chloride, 
it follows, as 107-94 is that of silver, that 

1^ X : 107-94 = 10-5249 : 19'4160, 

H In this way then the value for the chloride is obtained ; if the 
^omic weight of chlorine, 35*45, be subtracted from this, then we 
l^vetbat of sodium, Xa = 23 06. In a similar way that of lithium 
fouml to be Li = 7 030. 
1^ For nitrogen Stas used a method first given by Penny (1839). A 
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weighed quantity of potassium chloride was hy repeated evaporatio 
with nitric add changed into potassium nitrabe. In one experimeu 
48^9274 g, potassium chloride gave 66-3675 g. potfiBgium nitrate* If 
be the formula- weight of the latter, and if that of potassium chlorid 
is 74^59 (p. 16), we get 

x: 74-59 = 66-3675 : 48-9274, 
X =101-1 75. 

Since potassium nitrate has the foiTUula Kl^Og we must subtrsMS 
from this number K== 39^14 and 30—48*00, whence follows N = 14"04 
Similar researches with the same result were made by Stas with sodim 
and lithium chlorides. 

Another and more simple process consisted in transforming silve 
into silver nitrate. In one such experiment 77 "2684 g. silver g^v 
12r6749 nitrate, whence, according to the proportion 

X : 107*94=. 121-6749 : 77'2684, 
x=ie9^97, 

the formula-weight of silver nitrate^ AgNO^, is 169*97, and from iM 
by subtracting Ag= 107'94 and 30 = 48^00, we get the atomic wei^ 
of nitrogen N = 14*03, 

The experiments described above give examples of the different gm^H 
methods adopted for the determination of atomic weights* In the folio wiii 
jsagea sbort notices of the methods employed in each case and the moa 
accurate of the numbers obtained are given for all the elements ; — 

1. Aluminiim. — Ber^elius in 1812 obtained the numl^er Al = 27"3i 
by igniting aluminium sulphate. With this result derived from a singj 
experiment at the verj^ begimiing of such researches the chemical world wi 
content for over thirty yeara, till Tissier (1858), and after him many othefl 
determined the constant anew. The number at present i-ecognised as con© 
was obtahied by Mallet (1880), who from the ignition of crystallise 
ammonium alum (SNH^AlS^Ogl aH^O : Al^O^) found Al= 2712, by titratiai 
of aluminium bromide with eilver solution Al = 27-11, by combustion fl 
the hydrogen evolved by weighed quantities of aluminium froui potai 
(^Al-SH^O) Al = 27*05, and by measurement of the hydrogen got in 
same reaction Al - 27 04- Al = 27"t>8 may be accepted m the most pi'obal^ 
value of the atomic weight, 

2. Antimony. — The atomic weight of this element was till 1856 onl 
roughly known. By reduction of natural antimony glance from Amsbei 
by means of hydrogen (Sb2S«,:2Sb) Schneider (1856) obtained Sb^lgO" 
It is true that Dexter at the same time got higher numbers by oxidation i 
antimony to tetroxide by means of uitrlc acid (2Sb ■ Sb^OJ, these heil 
apparently confirmed by Dumas'e titration experiments with antimon 
chloride and silver solution ; but a tborougli investigation by Cooke (1881 
proved that Schneider's numlaer was correct. Tlie error in the determinatioi 
of Daraas lies in the fact that such easily decomposable chlorides as antimon 
chloride are scarcely ever to be obtained in a state of purity » The least tr«l 
of aqueous vapour forms oxy chloride, while hydrochloric acid escapes, ad 



t4P, in 



ATOMIC WKlGniE 



19 



Cbe iJXjTliloricle cannot be completely separated from the ctloride bj tiistil- 
kdon, Cotisec^nently the prepamtion can tains too little chlorine and the 
atomic weight comes cmt too high* 

The experiments of Cookt; consisted of &^Titheee& of antimony mlphiil^j 
pSh : Sb^S^^), detei-minati<jns of the bromijie in antimony bi-omide (SbBrjj : 
lAgBiv, titimtiona of antimony bromide with silver solution (SbBr^ : SAg), 
and deterniinations of the iodine in aiititvioay iodide (Sbtjj : 3Agl). The 
mean ift Sb = 1 20*2. 

Tliii ntiniber has been inince i^pealetlly confirmed. Experimente on u 
new principle were performt^d by Pfeifer (18S1) and Popper (1S87). 
According to Fai^day's law of electrolysis (see below), the same current 
sepaTLLtei from diflereat electrolytes equivalent qiiantitiea of their components. 
If & cvtrrentj therefore, he passed through a silver and an antimony gnlution 
mtoessively, the depositeti quantities of the nieiali mu^t be in the proportion 
i of their *^ equivalents^" i.e. in the proportion Sh : 3Ag. In this way 
Sh- 120*7 was found, A serie,^ of eiEperiments by Bongartjt (1883X whicli 
the snlphitr in antiniony sulphide was transformed into liarium snlpliale, 
yidded the value Sb = IiO'lt We may look upon Sb — 120-3 as the most 
ppokble mean, 

Amtik. — This element liiis been the subject of but few researches, 
interesting method was employed by Berzelius (IdlS), who heated arsenic 
oxide with excess of sulphur. The loss of weight from the escaping 
lulphur dioxide (£ASyO^ + fJB= 2 Ab,^S,^ + 3SO^) yields the needful relations. 
Tht tiuaiher at present accepted wtts obtained by Peiouze (1845) and Dumas 
185^^ bv titration of arsenic trichloride with silver solution^ and is As = 75 '0. 
L Bnriiim. — The atomic weight of barium deterniiiied first by 
Jtitius (1811) from the transformation of the carbonate intu tbe sulphate 
*^:COj,), later by him and many others (Turner 1829^ Peiouze 1845, 
lac 1848 and 1858, Dumas 1859) by means of the precipitation of the 
bride by silver solutioji, Beiides these processes there are a few other less 
:t methods which need no mention here. The mean of the best determin- 
iynsgive* Ba = 13T'0* 

5. Bt:TyUmm. — The analysis of beryllium sulphate is almost tlie only 
tliofl Along with the older and not so exact experiments of Berzelius 
15 fmd 1826), Awdejetr (1842), Weereu (1854), Debray (185 5), Klatzo 
69), we possess very j;ood determimitions by NiUon and Petterason (1880), 

'lio ^>eribrnied the analysis of the sulphate in tlie simplest possilde way, 
umdy l>y strong ignition, when BeSOj^ 4HftO became BeO. The result was 

6. SkmutL — For the atomic weight of this metal an incorrect value has 
*Imrjst always been in use, Tbe experiments of Lagerhjelm (1816) had 

tot> high results, and though Schneider (1851) by oatidation of the 
iaebil fiad tiaced the value rightly at 208, yet on the authority of Dumas, who 
flbkiaed (1859) too high res^ults by the method of silver titration, the wrong 
flgtijes were nsed almost exclusively. Only recently have they been given 
0^08 both Lowe (1883) by oxidation of the metal and Mari^ac (1883) by 
l^affi^foFiuatiou of the oxide into the sulphate and by reduction of the oxide 
^ mtAl in a current of hydrogen, found a smaller numl;er, in agreement 
titb Schneidei' s determination* The mean of these numbers is Bl = 208'0, 
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7. Baron, — To deterniiue this atomic weight Berzeliua (18^4) establiahe^ 
tlie percentage of water ia cryetalliBed Ixjrax, whence follows B = 1 1*01 
With this naml>er we mast .still b^i content^ a.s some analyses of the cliloriilf 
and bromide by DeviUe (IS 59) gave numbers which did not suthciently agre< 
ftpaong themselvea. 

8. Br&mint!. — The older determinationa of the atomic weight of bromim 
by Balard (1826) and Liebig (1826) give too low results, as the matei^ 
w*aa not free from chlorine^ BerKBlius obtained a better value by beat- 
ing silver hromide in a stream of chlorine^ when it was converted into 
silver chloride. Marif^nac executed a series of experiments KBrO^j : KBr, 
KBr : AgBr, A'^ Br = Ay Br — ejcadly similar to that descrilied on p. 15, oulf 
bromine occupied the x>lace of chlorine* The result waa Br= 79'96 

Staji^ linally, reduced silver bromate to bromide, and determined the ratio 
Ag : Br in the ktter. His experiments were executed on a. much krgiei? 
scale and with tntvch more extensive reaourceji than Marigiiao's ; yet "botJi 
sericij gave ipiite the same remit, Stasis immber being 79-963» 

9. Cadmium, — Up to the yeiir 1857 n number was used for the atomk 
weight of cadmium which rested on a single datum given by the discovereJ 
Stromeyer (1818), but which was afterwards shown to he tolerably aeeumte^ 
Of tlie later invet*tigator^^, vou Hauer (1857) converted cadmium sulphate mtor 
sulphide by ignition in a current of hyJro^ren sulphide : Dumas (18&fl) 
titrated the chloride with silver ; Lens^u (1860) analysed cadmium oxalate; 
and lastly Huntington (1881) analysed the bi*omide both gravinietrically and 
volumetrlcally by converting it into silver bromide. The mean of bit 
determimitiona, wliich may be looked upon, as the most exact, gives Cd = 1 li'l 

10» CeB^ium, — The number for this element has been determines] 
exclusively by weighing the silver chloride obtained from a given quantity of 
etesium chloride. The mosfc exact exxwdmenbi are by Godeffroy (1876), anl 
give C3 = 132'9. 

11. Calcium. — Although calcium occurs in the earth^s cruit in 
quantity than any other metallic element^ its atomic weight is neverthel* 
not known with a certainty corresponding to iti? importance, Berzelius 
the very beginning of hiR researches (1811) performed one ^ijigle analyj 
calcium chloride, and with the number calculated from this, chemists 
satisfied for the next thirty year^, w^hen Dumas (1842) made some detei 
tions by igniting Iceland spar (CaCO^ : CaO). Tliereupon Erdmanu 
Marchand undertook a long investigation (1842-50), employing varioi 
methods, the final result of which was a single faultless experiment on th 
loss of calcium carbonate when ignited. This gave Ca= 40'0. The iibj 
certainty which exists as to this value is not diTninishetf by a series 
experiments made by Dumas, who titrated calcium chloride with silver, 
the prepamtion of the chloride quite free from oxide presents great diffienltii 
which Dumas doea not prove himself to have overcome. Meanwhile we mud 
retain the value Ca ~ 40*0. 

12, Carbon. — The determination of the atomic weight of this elemert 
wai at first founded by Eerzelius on the olx^ervation tliat oxygen does w 
increase in volume when it cliangea into carbon dioxide ; tlierefore tb 
atoniic weight of o.xygen is to that of cai^bon dioxide as the specific gravitii 
of the two gasesw This is not, however, strictly correct ; the volume of 
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tetbon dioxide is somewhat enialkr Hum that ol" the oxYf^eii, and a fsilse 
r«Jue thus arose which was only corrected in 1941 by the researches of 
Llfthig and Redtenbaclier, of Damas and Stas, and of Erdmann and Marchmid 
(p. 13)* The Viiliie C= 13'00 found by tlieaci chemiats has been confirmed 
fleveral times by later invRstigatora, t:.g. by BUis (1849) from the combustion 
of carlw:ni monoxide, by Roscoe (1882) from the combustion of Ciipe diainoiid«, 
m\ lastly by van der Placits (1885), who buraed sugar charcoal, gi-af jhite^ and 
paper charcoal- Thei-efure we may put with great certainty C = 1 2*00, 

13. Cerium. — The detorinination of the atomic weight of this element 
his Ijeeu one of iincummon rliificulty. The dilHculty lay, not ho much in the 
annlytu-Jil methods, but nither in tbe He]:kiration of the ceriutu compounds 
from those of the other earths which accompany them. It is on account of 
till* circumstance that different chemists, working with equal cjire, have 
atrived at very tliffereut results. 

The uhlest determinations by Hisinger (1816) were made at a time when 
liatbanum and didymium, which always accompany cerium, were not yet 
diflco?eted, Beringer (1842) was the firj^t to work with anything like pure 
prejMtions, He analysed the chloride and sulpliate. Later reseai-ches by 
HeTmium, Rammehberg, MarignaCj Jegel, Wolf, and Bidirig showed that 
according to the origin and method of purification of the cerium preparations 
employed J very different atomic weights (between 130 and 140) are obtained. 
Only recently have Robinson (18&4) and Branner (1885) obtained con- 
v^mi results with carefully purified material in quite independent 
fesmrclies. The method was that of converting the eulpliate into the oxide 
l>y iiiTiition, and the resnlt obtained was Ce= 140"^, 

14. Chhrine. — The method first employed by BeiKelius has already 
^a giyen on p. 1 5, and by its means the atomic weight of this element has 
finallj been fixed. The number of investigators, from Berzelius to Stas, who 
liave proved their strengtli on tViis task has been very large, the most exact 
resnlti besides those already mentioned Ijeing obtained by Penny (1839) 
Mid Marignac (1842-4(5). Other methods were, it is true, atttmipted, but 
tliej met with no suGceas. Slarignac, for instance, obtained very iTmccnrate 
i^lts by heating copper oxide in a stream of hydrocldoric acid gas 
(CuO + SHCI^CuCl^ + HaO) i and the residts of the analysis of a com- 

I plicated organic conijiouncl, by which method Laurent (1842) Bought to solve 
tbe prtiblem, are just as little worthy of confidence. The nuinher at present 
, (Considered correct is that found by Sta?f, from which the older determinations 
af Miirignac, Penny, and Berzelius differ but slightly. It is 01 = 35*463, 

15. (%rominm.^ — Tlie atomic weight of this element must be classed with 
those which liave not been quite firmly established hy a thorough investiga- 
Ition, BeTzeliue in 1818 made some analyses of lead chromate and barium 
chromate^ the results of wdiich were much further removed from the truth 
than was usual with this exact w^orker. Berlin (1846), who transformed 
41^er chromate into silver chloride and chromic oxide, found the wished-for 
tmmlfer with sufficient approximation. Later researches by Moberg (1846), 
effort (1850)^ Wildenstein (1853), and Kes-sler (1861), in which dill'erent 
ind mostly unsuitable methc>ds were employed, are inferior to the work of 
Berlin. Siewert (1861) drew attention to a source of erixir in Berlin's 
mination, supposed to be caused by the slight solubility of silver cMoride 
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in the aciU chromic Bolution from which it; was precipitat*fd ; hy fivoid' 
this lie ohtainod 52*1 instod of Berliu*s 52-5. Baubigny (1 884) found 
value belweeti these two from the transforniattou of cliroxnic sulphate int 
chromic oside by stroug ignition. This value, Cv^52 % mmt be taken 2ii 
the most prol»able. 

1 (5, Cobalt, — A great number of researches have been undertaken with 
this element, especially for the purpo^ of deciding whether cobalt and nictd 
have the same or different atomic weights, and for no element have tliflerenl 
but equally trustworthy investigators obtained such -widely diverj^ent residfcf. 
The chief namesi are Rolhoff (1818), Bclmeider (1857), Marignac [Uhll 
Gibbs (1858), Dmnas (1859), Russell (1863 and 1869), Sojnmaruga (1866)^ 
Winkler (1S67), Weselaki (1868), Lee (1871), Zinimerniann (1886). 
methods applied were very different, and the results vary between Co = 58'8i 
and 60 6. Just lately (188£>) Kriiss seems to have found the cause of this 
■unusual disparity, in that colialt and nickel in their ores are ^myi 
accompanied by a metal hitherto unknown^ the presence of which in varyitig 
proportions rendered the preparations of these metals impure* Uiider 
such circumstantres none of tlic older det<*nni nations may be used, and the 
further results of the discoverer must be await-ed. 

17, Copper. — Most experiments towards the determination of the at omit 
weight of this metal have been csecuted by the reduction of a weighed 
quantity of cuprie oxide heated in hydrogen. Simple as the meth<xl ajipLare, 
yet it is affected with an error having its source in the fact that the spong)' 
reduced copper condenses sensible quantities of hyditjgen on its surface, thui 
increasing its weight- According to this method we have research^'s 
Berzeliua (1820), Erdmann and Marchand (1844), Millou and Commniltc 
(IB64), and Hampe (1874)* The last mentioned further determined dift 
copper in anhydrous copper sulphate by electrolytic deposition. BaubigiM 
(1883) transformed copper sulphate into oxide by ignition. J 

By quite another method, similar to that adopted for antimony (p* iM 

N, Shaw (1887) has determined the value in question. He passed m 
electric current tlirough two solutions, oi>e of which deposited copper and tfl 
other silver, and by Famtlay^s Law determined the equivalent and the atou 
weights of co])per from his results. The number he obtained agrees vifl 
closely with that got by the purely chemical methods, the most probaH 
value being Cu =^ 63 3. ^ 

IS, Didijrtmm. — The eanie observations as were made on cerium (p. 21} 
apply also to this element. The old data of Marignac (1849 and 185^ 
Hermann (18G1), Zschieache (1869), and Erck (1870) all vary greatH 
They were mostly obtained from the precipitation of didymium sulphate 1^ 
barium chloride, and are affected witli an error caused by the baiium suljthate 
under these conditions taking down with it considenible quantities of didynya 
by surface attraction. However, experiments of Cle \ e, Nilson and Petterseotit 
and Bnumer, who all converted the sulpliale into the oxide by ignitioWi 
yielded discordant nnjubera in spite of the identical methods. In 1885 
Auer Ton Welsbacli reported that he had split the "element" hitherto 
known a.s didymium into two others, which he cj^Ued praseodymium and 
neodymium. The atomic weights are, according to llie preliminary experi- 
ments, which have not yet been confirmed, Pr= 143-6 and Nd= 140-8. 
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IB. Erbium.— For thm rare element also the difiiculty of puriftcation is very 
great. As ihe eubstanee lias become inyestigated more tliorougbly, more and 
luore elements with different x^roperties have been sepamted from it, so tbat 
w hiive at present no guarantee that what we call erbium 13 really a single 
Emiform substance. The last determinations by Cleve (1880) gave Er ^ 166, 

20. Mjion'iit\— The atomic weight of fluorine liad been fixed for a 
longtime before tbe element itself wna known in the frt^e state, a discovery 
of onlj reoent date. It was only known as a constituent of varions com- 
piiuittl^f and its existence was inferred Irom the fact tbat these compounds 
m ihiferent from all componnde of known elements. For the de tern li nation 
of the atomie weight one method has been used almost exclusively, viz. 
ih conversion of calcium fluoride into calcium aulpliate by evaporation 
with sulphuric acid — CaFg 4- H^^^O^ = CaSO^+ 8uch experiments 
w^re executed by Berzeliua (ISls'and 1824), Louyet (1849), Dumas (1859), 
k Luca (186i) with somewhat varying results, as calcium fluoride ia 
dfcompDsed completely by sulphuric acid only with extreme difficulty. 
Consequently other com pound 3, such as sodium and lead fluoride^ were used 

some investigators. The mean of the good efxperimenls is F^19"00. 
TMs number has been lately con firmed in another way. Cbri&tenfeeu 
(1886) decomposed the compound (NH^)gMjiFr^, which crystallises well, witb 
h^ilnodic acid((NH^)2MnF5 + HI -^ 2NH^F + MnF^ + HF + l)and determined 
ihs liberated iodine volumetricaUy by means of aodium thiosnlpbate. Tbe 
ixaultwas the sanie, F = 19"00* 

21. Gallium. — Lecoq de Boisbaudran, the discoverer of gallium, 
(kemined its atomic weight by igniting ammonium gallium alum, NH^Ga 
9|j0g-Kl2H^O, when gallium oxide, Qa^O^, remained behind. He also con- 
TertL*d the metal into oxide, Tbe result is Ga = 69 9. 

22. Gcrmunium,— The discoverer of germanium, Cl. Winkler, analysed 
^rmaninm chloride, GeCl^, by decomposition with sodium carbonate, and 
TtJutuetrLG estimation, of the chlorine by means of silver solution. Prom hia 
tb(a we get Ge = 73^3. 

23. Goiit — A great many methods have been applied to this element, 
fet of all Berzelius (1813) precipitated a solution of gold with mercury and 
tfiaa determined the ratio of the atomic weights of the two nxetab, Javal 
(1821) obtained quite other numbers by analysis of auric oxide, whereupon 
Bem^lins (1845) determined the ratio between chlorine and gold in a neutral 
wiotion of auric chloride, as well as tliat between gold and potassium 
chloride, by igniting potassium auric chloride, KAuCl^j in a current of 
kdrogen. Le vol (1850) worked according to a completely different method ; 
h reduced a solntion of auric chloride with sulphur dioxide (2AuClg + ZHO^ 
+ eH.,0 = 2Au"h3H^SO^ + 6HOI) and determined the ratio between the 
pld and the barium sulphate precipitated from the solution by bariimi 
<^liIoride G, Kriiss^ and Thorpe and Laurie have lately (1887) undertaken 
aew determinations by tlie last method of Berzelius, Le. by the decomposition 
&f doable salts of gohl, and find in the mean Au^ 197'2. 

24. Indium. — ^Tliia element has been investigated as to its atomic 
Tfiight by its di5icoverers, Beich and Eicbter (1864), by Winkler (1867), and 

Bunaen (1870). The method principally employed consisted in the 
oxidation of the metal to oxide. The value obtained was In ^ 11 3"7* 
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25. ladim.—Oaj-Lnmia (1814), to whom we owe oitr exact knowledg 
of ihk clement, determined llie ratio in wliich iodine nnd zinc combinj 
Berzelius (1828) decomposed weighed quantities of eilver iodide bj Leatii^ 
them in a current of chlorine, when ihay are complet^ily converted infc 
silver chloride, and them exin^rinieiita were repeated later hj Dumas ( 1 859 
with exactly the &anie results- A method aimilar to that introduced bi 
Berzelius for clilonne (p. 15) was employed hy Millon (1843), who ti'fliia 
formed potai?3ium iodate into pot^iseinm iodide hy heating, Marignac (1843^^ 
eatablisLed the ratio between pot^ts-s^iuni iodide and silver, as well as tlial 
between silver and i^ilver iodide. 

Stiis, finally, analysed silver iodate by decomposition hy heat mi 
a.bsorption of the liberated oxygen by means of red-liot copper » He alafl 
determined the ratio between iCMline plui? f^ilver, and silver iodide. Froia 
hii experiments^ with which those of Marignac are in complete concordance, 
it results that I ^ 126-86. 

26. Indiim^ — From the year 1828 until 1878 — for f nil y fifty years^ 
the scientific world contC!nted itself with a single analysis by Eerzelius d 
potassium iridium cliloride. In the last-mentioned year Seubert mivde « 
most careful investigation by the same method, the result being Ir= 193*2. 

27. Irmi. — Berzelius at first (1811) gave a value for the atomic weighfe 
of iron which was considerably too low- Strotneyer (1826) and Wackenrod*s^ 
(1844) drew attention to the error , whereupon Berzelius caused a aev 
investigation to lie undertaken l>v Svanberg and Norlin (1846), to which hft 
added some deternii nations of hh own. These, m well as the experimeatt 
of Erdmann and Marchand (1844), Mantnene (1850), and Rivot (1S50], 
were eo arranged tliat on the one hand pni^ iron was converted into oxida 
by treatment with nitric acid^ eva])oration, and ignition, and on. the otliei 
hand pure oxide was converted into the metal by heating in a current d 
hydrogen. Tlie results, which agree very closely, give Fe = 56*00, 

28. LaniJiann'm. — The a tonne weight of this element suffers from tb^ 
same uncertainty as that of the other rare earths. The numerous investigi^ 
tors who have occupied themselves with its determination will tljerefore nol 
be named, especially as the methods used were always the same. As th* 
most probable value we may take that given by Cleve (188,^), viz. La ^ 136*^ 

29. Lead. — Lead takes a prominent id ace in the history of atom^ 
weights, as being the first element on %vhich Bersselins (1811) exercised B 
skill His method consisted in the treatment of metallic lead with nitril 
acid and subsequent ignition of the nitrate, lead monoxide remaining, Bi 
afterwards analysed lead chloride (1818), and reduced lead oxide by meaJaa 
of hydrogen (1830). Turner (1833) converted lead and lead oxide iutJ 
sulphate, Marignac (1858) and Dumas (1859) titrated lead chloride mti 
silver solution. The value at present in use we owe to Stas, who in tw« 
ienea of experiments converted lead into lead nitrate and into lead sulphates 
The mean of his experiments gives Pb= 206'91. 

30. LitMum.^YeTy divergent results have been obtained by differeli 
chemists in the determination of the atomic w^eight of fcliis metah Tin 
discoverer Arfvedson (1818) gave Li = 10-3, Yanriuelin (1818) then foun^ 
Li = 9-2, Gmelin (1818) 10-8, Krabvauszky (1827) 10^6 j on the othe 
hand Hermann (1829) 6a, Berzelius (1830) 6-6, Hagen (1639) 6*5, Mall^ 
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(1857) 6*95. Troost, who had before given wrong figures, was the first (1862) 
to determine the value with approximate correctness. The exact number 
was then found by Diehl (1862), who decomposed a weighed quantity of 
lithium carbonate with sulphuric acid and determined the carbon dioxide 
from the loss of weight of the whole apparatus. Stas, in conclusion, 
determined by titration the ratio between lithium chloride and silver, and 
obtained the present number, Li = 7*03. 

31. Magnesium. — Most of the old determinations were made from the 
analysis or synthesis of the sulphate, e.g, by Berzelius (1812), Gay-Lussac 
<1819), Scheerer (1846), Svanberg and Nordenfeldt (1848), Jacquelain 
(1850), Bahr (1852). The determination by Bahr is particularly interesting, 
as being made with a specimen of magnesia obtained from the olivine of a 
Siberian meteorite. This celestial magnesia proved to be identical with the 
ordinary terrestrial substance in respect of the atomic weight, as it was in all 
other properties. 

An extensive investigation by Marchand and Scheerer (1850) into the 
quantity of carbon dioxide contained in natural magnesium carbonate 
(magnesite from Frankenstein) is unfortunately valueless, as Scheerer nine 
years later discovered that the material employed contained calcium. The 
experiments of Dumas (1859) on the ratio between magnesium chloride and 
silver only showed the inapplicability of the method, for in spite of heating 
in a current of hydrochloric acid, it was found impossible to prepare 
magnesium chloride perfectly free from oxygen. Marignac has lately (1883) 
obtained results by means of the old method of analysis and synthesis of 
the sulphate which satisfy the requirements justly expected of a constant so 
frequently in use. He found Mg = 24*38. The number even yet almost 
always employed, Mg= 24*00, is thus over 1*5 per cent wrong. 

32. Manganese. — The older values for the atomic weight of manganese 
were somewhat uncertain ; Hauer (1857) was the first to give accurate 
numbers, which he obtained by converting manganese sulphate into sulphide 
by ignition in a current of sulphuretted hydrogen. This method is much 
better than that again used by Dumas, viz. the titration with silver, as the 
impossibility of obtaining pure chloride became once more apparent. A 
series of experiments by Schneider (1859), who subjected the oxalate to 
combustion, is also not quite faultless. Dewar and Scott (1883) analysed 
silver permanganate, AgMnO^, and Marignac (1883) converted manganous 
oxide into the corresponding sulphate. Both methods gave results agreeing 
with each other and with those of Hauer, so that we may put Mn = 55*0. 

33. Mercury. — There has never been much doubt as to the atomic 
weight of this metal, as even the oldest analyses of mercuric oxide by 
Sefstrom give a number very near the right one. Later determinations 
have been made by different methods. Turner (1833) analysed, besides 
mercuric oxide, mercuric and mercurous chlorides by ignition with lime, 
Erdmann and Marchand (1844) reduced mercuric oxide with charcoal and 
mercuric sulphide with metallic copper, Millon (1846) and Svanberg 
(1848) repeated the decomposition of mercuric chloride by heating with 
lime. As mean of all the more trustworthy determinations we may take 
Hg= 200-4. 

34. Molybdenum. — The oldest experiments of Berzelius (1818) were on 
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the conversion of lead nitrate into lead molybdate, and gave much more 
correct numbers than those of Svanherg and Struve (1848), who transformed 
the sulphide, MoSg, into the oxide, M0O3, by roasting. In this process there 
is a loss of weight of only some 10 per cent, so that the errors of experiment 
have a great influence on the result. Dumas (1859), on the other hand, 
obtained good numbers by reducing the strongly heated trioxide in a stream 
of hydrogen to the metallic state. The analysis of the chlorides of molyb- 
denum by Liechti and Kampe (1873) may also be used, and lately von der 
Pfordten (1884) has found the same value from the analysis of ammonium 
molybdate. The mean is Mo = 95 '9. 

35. Nickel. — Almost all the chemists who attempted to fix the atomic 
weight of cobalt have at the same time extended their investigations to 
nickel and found here also very varying results — from 58*0 to 59*4. The 
cause of this is the same as that given in the case of cobalt (p. 22), and a 
correct value cannot at present be stated. 

36. Niobium, — The investigation into the nature of this element was 
attended with considerable difficulties, which Rose, who busied himself 
many years with it, did not succeed in overcoming. Blomstrand was the 
first to get a proper grasp of the subject, and to him we owe the determina- 
tions which may be taken as the most exact. The analysis of the penta- 
chloride gave Nb = 94*2. 

37. Nitrogm. — A great many different methods have been used for this 
element. Berzelius (1811) determined the ratio between ammonium chloride 
and silver chloride. He afterwards used the proposition that the specific 
gravities of the gaseous elements are proportional to their atomic weights 
(see below), and based the number considered by him as correct on weighings 
of oxygen and nitrogen which he executed in conjunction with Dulong 
(1820). Turner (1833) determined the ratio between silver nitrate and 
chloride, between barium nitrate and sulphate, as well as between lead 
nitrate and sulphate. 

Penny (1839), who made his admirably exact determinations with the 
simplest imaginable apparatus, converted potassium chlorate into potassium 
nitrate by evaporation with nitric acid, and in the same way potassium 
chloride into nitrate, and conversely. He also deduced the atomic weight 
of nitrogen from the ratio between silver and its nitrate, as well as between 
the nitrate and chloride. His results agree almost absolutely with those of 
Stas, the most accurate that we have. 

In spite of their excellence. Penny's results remained almost neglected, 
and a much less correct value given by Berzelius was used until Dumas and 
Boussingault showed its inaccuracy from the comparative weights of oxygen 
and nitrogen. Berzelius then caused a new determination to be made by 
Svanberg (1842), who converted lead into lead nitrate, without, however, 
obtaining very exact results. Good numbers were obtained by Pelouze, 
(1843), who titrated ammonium chloride with silver; by Marignac (1842), 
from the transformation of silver into silver nitrate ; and by Regnault (1845), 
from his gas-density determinations. 

Our present exact knowledge is due to the work of Stas, already referred 
to (p. 17). His mean value is N= 14'041. 

38. Osmium,. — For this element too a single analysis of potassium 
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o^mum chloride by Berzeliiis {1B2S% wliicli gave Os = 200, liad to serve 
Mtil quite recently, Seiibert in 1 888 made an exaet dettsmii nation by the 
ftJialpis of ammonium and potassium oeniium chlorides, ami this led to a 
m^h. smaller vahie, which must he coiiaidered correet, viz. Os= 122. 

PalttuHum. — Tlie ^lase m at present the same for pal lad Him as it 
MS with osmium until r, year a^^o ; our whole knowledge of ita atomic 
Kfciglit is confined to two experimeots hy Berzeliua in the year 1828, who 
ii3pil)"aed potasainm palladium chluride. We can, therefore, place hut little 
reliirace on his result, Pd = 106. 

40. Ptmsphtirtii^. — For the determination of the atomic weight of this 
element many methods were tried hy Berzeliua without satisfactory results. 
JMf[uelain^s methods (1852) as well a"? his nnnil»ers were still more diversified. 
Si:bi>tter (1852) oLtained tnt^twortliy results, and these are still the best we 
hi()vr. He burned weighed q nan tit lea of red phosphorus (of which he was 
the discoverer) witli oxygen to phosphorus pentoxide in a suitable apparattis. 
Similar experiments have been recently made by van der Plaata (1885), who 
oLtaitieil the same results, 

Pelouze (1845) and Dumas (1859) applied the methwl of silver titration 
to tile trichloride ; here again the usual difhculty of obtaining pure chloride, 
ia Ikia case chloride free fi'^>ni oxy chloride, was encountered. The numbers 
icethtirefoTo almost all too Idgh. 

Sclirottei^'s exijeriments give P = 31-03. 

41. Plaiinim. — The ill luck which followed Berzelius in his determina- 
tion of the atomic weight of the platinum metals— a want of success in 
^^ag contrast to the great trustworthiness of his other experiments^ — is 
fcandhere in the case of platinum itself. The older data (1813 and 1826) 
*Uch he obtained from the precipitation of a platinuiii solution by means of 
Ui^rcury and frtmi the analysis of platinous diloride were rejected by hiJii in 
fiiTuiirof a number, Pt— 197-2, based on the analysis of pota-^ium platinic 
clibride, although they were mucli nearer the truth. In 1881 Seubert 
iliowed a considerable error to exist in this determination, and from tlie 
*Mlysis of potassium and ammonium platinic chlorides obtained the number 
PE=^ia4'8. This difference ia not unimportant, for in the analysis of aub- 
i^tanc^ containinf^r nitrogen this element is very often separated as ammonium 
platbic chloride and calculated IVom the residue of platinuni left on healing, 
^^p to 188], therefore, tbe analyses made according to this method ai^ 
Rectal with an error which makes the nitrogen appear less than it really is. 

42. Potassium. — With exception of the very oldest experiments of Berzelius 
(1811), who converted metallic potassium (weighed as amalgam) into potas- 
^ioai chloride, the atomic weight of this metal has always been determined 
^loTig with that of clilorine by the analysis of potassium chlorate. The 
ilifferent investigators who have taken part in this work are named on p. SI. 
The number at present in use is that of Stas, K = 39*14. 

43. Ehoiliim. — The number obtained by Eeraelius (1828) from the 
UudTsie of sodiimi rhodium chloride appears to be somewhat more correct 
dian those of the other platinum metals, for it has only been altered a unit by 
tlie new determinations of Jorgensen (1883)^ wliose experiments, however, 
bteonly a preliminary character — according to them Rh!= 103. 

44. Euhi dium,— The new alkali metals rubidium and c*iesiura were dis- 
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MB otoitd free frm ttlatixed laistuitts, aad tke number j^ot 
of tli£ ebloTvle bti bem cmtmed hr siioilai 

i doe to Piceaid (1861} aiktl G^d^Aiay (1875). 7ht mean i< 

jfrtiflttML — The dbrt]»T«!£Kr of tiut metal, Clsiti, vlioee work 
alaml o«ir wliole knowledge of tite dement, detemiKiied its aiomis 
ip«%lit W tbe amliw potoioisi intfaanitiB Man^ K^RoCl^. tb 
mnJt Ba = l OS'Sb Jolj lus Istelj hmd m eaomdenMj emiUer xtim 
TO. fin = 1017, 

46. SnA^Tivm, — Tbk elemenl k ttill leas eertainlT a single pore Eub 
pctance than the other metak of the rare ^ilh& CleTe (1&S4), who conTcrtd 
the oxide into sdilpbata, gires the ralne Siu = 150. 

47. Setmdivm. — This eknient lid<j'ngs t*> tbe ''rate cartlis^" Imt is 
» £tr more proWblj a pure sal Rylance than tlie otheis, from which it djffeil 
rety dedtledlj hy its small atopiic wc^ht. Nilson ( ISSO), wlio discovereC 
it nmnltaneciiuslj with Cleve^ g^^^ = 44-1 from the conveisiou of the asiila 
into sulphate. 

48. Selenium. — ^The cletertninftttoti of the atomic weight of selenimn bni 
been attended with considerabk difficulty, Berzelius (iSlS) emploTcd a 
quite unusual process — ^the coHTeision of weighed quantities of selenium inta 
the tetrad ilaritlej SeCi^ — and placed more conMence in the number got in tliii 
way than in thoee from the anjdyds of silver «eleuide and barium seleniate;i 
A pahlteation of B&cc (1847) contains merely a lis^t of unsuccessful esperi- 
menta. A short report of ihe analysis of mercury selenide is doe to Erdmanii 
and Marchand (1852). Duma? finally repeated (1859) the experiments t#i 
Ber5?eliiis on the formation of the teti^acUoride, 

The number at present in use is founded on an inrestigation by Ekmani 
and Pettersson (1876) in which on the one hand selenium was converted int<^i 
the dioxide, and on the other salver aelenite transformed into silver chloride* 
The mean is Se = 79'1* 

49. Sili^^m, — The atomic weight of this element was known before llifl 
element itself, Ber^elina (1810) and with l>etter success Stromeyer (1811) 
prepared iron rich in silicon, and oxidised weighed quantities of this. The 
product of oxidation was analysed, and after auUtraction of the iron from thi 
original aubstance and of the iron oxi«le from the product, the ratio of silicott 
to fiilieon Oioxide was olitaineil, Berz^lius afterwanls investigated Tarioui 
silicatee, Inath natural and artificial, as well as barium silicofluoride, withoi 
however, obtaining satisfactory results. 

The application of silver titration yielded accurate numbers. After th 
lirat experiments by Pelouze (1845), the process was applied Dumi 
(1859) and 8 duel (1861) with the same results Tlioriie and Young hav 
lately (1887) decomposed weighed quantities of silicon tetrabromide will^ 
water and weighed the resulting silica. The result is Si = 28*4. ] 

50. Siiivn— The atomic weight of silver has always been determined^ 
sinmltaucously with those of chlorine and potassium, so that the data given 
on p, 15 may be refen^d to. The number at ji resent accepted, and it inuKt 
be considered the beat known of all the atomic weights, was determined 
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by Stas according to five independent methods, the results of which here 
follow — 

a. Analysis of potassium chlorate and determination of the 

ratio KCliAg 107 940 

6. Analysis of silver chlorate and synthesis of silver chloride . 107*941 

c. Analysis of silver bromate and synthesis of silver bromide . 107*923 

d. Analysis of silver iodate and synthesis of silver iodide . 107*937 

e. Analysis of silver sulphate and synthesis of silver sulphide 107*927 
The mean value is Ag= 107*938, and its probable error is less than four 
units in the last place. This is a degree of accuracy which has scarcely 
been obtained elsewhere in the exact sciences, much less surpassed. 

51. Sodium, — Berzelius (1811) determined the atomic weight of this 
metal, like that of potassium (p. 27), by conversion of the metal in sodium 
amalgam into sodium chloride. Penny (1839) found an almost absolutely 
correct value by the reduction of sodium chlorate to chloride. Pelouze 
(1845), Dumas (1859), and Stas determined the ratio between sodium 
chloride and silver ; the results of the last give the best number at present 
known, viz. Na = 23 06. 

52. Strontium. — We are indebted for our first knowledge of the atomic 
weight of this element to S,tromeyer (1816), who analysed the carbonate and 
chloride. Pelouze (1845), Marignac (1858), and Dumas (1859) titrated 
strontium chloride with silver and obtained concordant results, viz. Sr = 87*5. 

53. Sulphur, — The process by means of which Berzelius (1811) ascertained 
the atomic weight of sulphur for the first time, consisted in combining the 
same weight of lead first with oxygen, and then with sulphur ; the number 
obtained was, to be sure, not very exact. He afterwards (1818) converted 
lead into lead sulphate, an experiment which Turner repeated (1833). 
Erdmann and Marchand (1844) analysed mercuric sulphide after fixing the 
atomic weight of mercury by analysis of the oxide (p. 25). Berzelius, who 
doubted their results, converted (1 845) silver chloride into sulphide by heating 
in hydrogen sulphide! Struve (1851) decomposed silver sulphate by heating 
it in a current of hydrogen, when pure silver remains, and lastly, Dumas 
(1859) converted silver into silver sulphide by heating it in sulphur vapour. 

The results of the majority of the experiments give values lying close to 
S = 32*0. It follows, however, from the more exact determinations of Stas 
(p. 17), that the true value is somewhat greater, viz. S = 32*06. 

54. Tantalum. — The atomic weight of this rare element is not even 
yet known with certainty. The older experiments of Kose, Berzelius, and 
Hermann gave quite untrustworthy results. The best numbers are got from 
the analyses of potassium tantalum fluoride by Marignac, and give Ta= 183. 

55. Tellurium, — Berzelius (1812 and 1833) oxidised tellurium to dioxide. 
His numbers were nearly confirmed by those of Hauer (1857), who analysed 
potassium tellurium bromide. Wills (1879) repeated both experiments and 
got the same results. 

In spite of this agreement the number obtained, Te = 128, must be con- 
sidered improbable. For if we compare the following rows 
P =31*0 As = 75-0 Sb=120-3 

S =32*1 Se = 791 Te = 128 

01 = 35*45 Br = 79*96 I =126*86 
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we find in tli^ tlirtie groups P, Ai, Sb ; S, Be, Te ; and Gl, Br, I, each d 
which coiDpriaes three Biniilar elements^ sulphur hetween pliosxihonis and 
ehlorine> and eelenium hetween arsenic and bromine ; hutteUuriuin with the 
juimber 128 does not stond between aDtiinony and iodine, Branner (1883) 
found a iource of error in the older dyterm illations and obtained from tk 
oxidation of tellurium to dioxide and from the foroiatian of the sulphate 
Te^iO^BO^ the atomic weight Te = i 25, corresponding to analogy. 

56, Tkalliiim. — The first deterniinationB by one of the two discoverers 
thallium, Laujy (ISfiS), from the anfUyaia of the cldoride and flulphate ai-e 
not very exact The refiultB obtained by Werther (1864) from the analyaia 
of thallium iodide, and hy Hebberling (1865) from the repetition of Lfkmfs 
experiments, ai^ but Httle better. A research executed by the other di^ 
coverer, W» Crookes (1873), with all imaginable precautionsj but unfortun- 
ately only according to one jnethod (the conversion of the metal into 
nitrate), gave Tl = 204 1. 

57, Tfiorium. — EerzeliuSj who discovered this element, determined its 
atomic weight (1829) by analysis of the snljjliate. The experiments were 
subsequently repeated by Chydenins (1863), Dekfontaine (1S63), HermanE 
(1864), and Cleve (1874), the analysis being mostly so conducted that tlioria 
i-emained behind on strong ignition of the salt. Cleve analysed the oxalate 
m addition. Nil son, at first alone (1882), afterwards in conjunction witli 
Kriisa (1S87), performed the analysis of the sulphate mth material purified 
with e&peeial care. Both researches yield the same number, Th, — 233^4» 
which is somewhat lower than that found by the older investigators. 

58, Tkidimi^^K still doubtfLil element, to which Cleve (1S80) givei 
the atomic weight Tu = 171 from analysis of tlie sulphate. 

59, Tin. — The oxidation of the metal to dioxide has been almost ej- 
elusively employed for the determination of tliis atomic weight We have 
such experiments by Berzeliuis (1912)^ Mulder and Vlandeeren (1849), 
Ylandeeren (1958), Dumas (1859), and van der Plaats (1885). In agree- 
ment with them are two analyses of the tetrachloride by Dumas. The mean 
value is Sn = 1 18'1. 

60, Titanium. — ^The oldest determinations are due to H. Rose (1823 aai 
1829), and were obtained by roasting titanium tsulphide to dioxide, and from 
the analysis of titanium chloride. Tlie hitter method has again been employed 
by Pierre (1847), Demoly (1849), and lastly by Thorpe (1883 and 1885)| 
whose exact researches, which were also extended to titanium bromide, givfl 
Ti = 48-1. 

6 1, Tungdtii. — The atomic weight of tungsten has been usually detei? 
mined from the reduction of the trioxide to metal, and from the oxidation d 
the metal to trioxide,— Berzelius (1825), Schneider (1850), Boreli auc 
Dumas (1859)* Boscoe (1872) from an analysis of the hesachloride obtaineii 
the same result. Other determinations, such as the analysia of barium 
metatungstate by Scheibler (1861) and of ferrous tuugstate by Zettno«| 
(1867), are of lesa importance. The mean of the good determinations i| 
W= 194-0, 

62, Unmimi. — Up to the year 1840 the atomic weight of uranium ha^ 
been calculated (|mte erroneously from the experiments of Arfvedaon (1825) 
and Berzelius (1825), for the black product UO^ got by the reduction a 
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le higher oxides was looked upon ae metallic iiraiuum until P<?ligot showed 
bat it coni^iined oxy^^n. He at the Hxaie time determiTied the atomic 
ireiglit. pretty accurately from analysis of uiniiy] AcetAte. Laler researches 
\j Ebelmen (1842) and Wertheim (1843) are uf little imporlance, but the 
tery careful work of CL Zimmermann (IBS 2 and 1886} deserves gi^t 
itteatiotj, TJie iwethotla employed were not in tlieniselvcs por^milttrly 
good, but excellent results were ohUiinetl hy tcrupulous atrt being used in 
the performance of the experiments. One seriet consisted in the reduction 
of UgOj to UO^ in a current of hydrogen, the other in the conversion of 
sodium cmnyl acetate, Na(UOy)(CjjH3Q2)^, into sodium diuranate, Na^U^^O-^by 
'roasting. The mean value is U — It may he mentioned that uranium 

baa the highest atomic weight of all the elements. 

63. Vanadiurn.~An error similar to that in the case of uranium was 
akj conmiittod with tliis metal. It was only found ont in 1868 by Roscoe, 
who showed that the i^uhstanee formerly held to be the metal waa reaUy an 
mdti VO. If we take this into account in calculating the analyses of 
vnnadic acid and of vanadyl chloride by Berzelius (1831), we arrive at 
ptetty correct nnmbera Our present accurate knowledge of the atomic 
wiigbt of this element is due to an excessively careful investigation by 
loscoe (1868), who reduced vanadic acid to oicide in a current of hydrogen, 
ftadalfio titrated vanadyl chloride with silver. The mean of the two series 
]&\ = 5h2 

64* ll^/'r?/r"um>"Marignae in 187S discovered in the anbstance regarded 
«ptill that time as exhia a perfectly colourle^ earth with no aljsorption 
Fpectnim^ to which he gave tlie name of ytterbia. Immediately thereafter 
l)£kfoutaine found the mme substance in alLinite from Amherst^ aud 
Sikjfj, too, goon con6imed the ejtistenee of the uew element. Its atomic 
weight was found x^^etty concordantly to be Yb= 173^2. 

65, YUriiivu — This element also was only gradually distinguished and 
separated from the earths which always aceompany it, md we cannot even yet 
with certainty that what is known as yttrium is really a chemical species, 
D^ld'otitaine (1865) was probably the tii',*t to work with toleraldy pui^ materiaL 
The methfKi lie adopted was the conversion of the earth into sulphate, and 
tlda was also done by Bahr and Bunaen (1866), Cleve and Hogluud (1873), 
and Cleve (1873), Tlie mean of the better determinations i^ Y = 88-7, 

§6. Mnc. — Even the oldest researches by Beraielina (1811) yielded a 
result very near the truth. His method was the uonversion of the metal 
into oxide. The tmmber obtained was called in queetion on quite insuJiicient 
groimda by Jac4^|uelain in 1842, and shortly thereafter Favre sought by the 
miym of zinc oxalate, as well as by dissolving zinc in tulpliuric acid aud 
Imraing the evolved hydrogen to water, to show the correctness of a higher 
Tilue, Berzelius caused A, Erdmann (1843) to undertake new oxidation 
*xpenment5i, which approximately confirmed his previous numbers. Still 
ittmr Berzelius^s value are the numbers lately found by Marignac from the 
inalrgis of potassium zinc chloride, Baubigny (1883) by analysis of the 
Jk iiilphjitfe, van der Pkats (1885) by solution of zinc in sulphuric acid and 

■ measurement of the hydrogen evolved, and lastly Eamsay and Reynolds 

■ (1887), by the same methods have found similar values. The mean of all 

■ ihe detenui nations is Zn==65'5. 
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97^ ZimttUNm, — ^Tlie Atomk might of litis demeDt has been only tif! 
qpM ligf Ba^dios (ISfS) froaii the aimlysis of the suliiliate, 
hf Msm^mc (ISfO) from the aiiat7ii& €i>f potassium zirconium 
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In tJie folbwiiig table the atomie weights of the elements at prese^ 
kaovii are ccdleetad ; O = 16 is taken as the bask of the calculatki 
bjrdn)^ hmng thus H ^ 1*00^ — 



L Alimtmiitin 


Al 


= nits 


34. MolybdeDum 


Mo 


= 95-9 


%, AntimiHij 






35- Nickel 


Ki 


= 59(1) 




As 


- 75-0 


36. Niobium 


m 


= 94-2 




Ba 


^137 


37. Nitrogen 


N 


= 14*041 


Befjlliom 


Be 


^ 9*10 


38. 0$miutu 


Oa 


^192 


i. Bimiith 


Bi 


= 20S-O 


39. Palladium 


Pd 


= 106 




B 


= 11-01 


40. Pbofiphonis 


? 


= 31 03 


i. Bromine 


Br 


^ 791*63 


il. Platinom 


Pt 


= 194^8 




Cd 


= 1121 


42, PoUssiimi 


K 


= 39-14 


10. Causium 


Ci 


^132-9 


43. Hliodium 


R]j 


-103 


11, C*klujii 


Cft 


^ 40-0 


44. EuNdium 


Rb 


= 85*4 


12, Ciii'lion 


C 


= 12^0 


45. Kutliemium 


Ru 


= 101-7 


Ki Ccriiim 


Ce 


= 140-2 


46, Samarium 


Sm 


= 150 




CI 


= 35-453 


47. Scandium 


Sc 


= 44*1 


15, Clirontiuni 


Cr 


= 52*2 


4B. Sekuium 


S« 


= 79-1 




Co 


= fi9 (?) 


49. Silicon 


Si 


= 28*4 


17* Copiwr 


Clt 


- 63*3 


50. Silver 


Ag 


= 107-938 


18, I^flyminm 


im 


= 140-8 


5L Sodium 


Na 


= 23 00 




^143-0 


52, Strontium 


Sr 


= 87-5 


KrMum 


Er 


= im 


53, Sulphar 


S 


= a20£l 


20, FJiit»riii(< 


F 


^ 19*0 


54. Tautahun 


Ta 


= 183 




Oa 


=^ 69 9 


65. Tellurium 


Te 


= 125 


22, (UnnitiiiUtm 


Ge 


- "2-3 


56. Tliallium 


Tl 


= 2041 




All 


= 197-2 


57. Thorium 


Th 


= 232-4 




iB 


^1137 


58, Thulium 


Tu 


-171 




I 


= 12«"86 


59, Tin 


Su 


= 118*1 


2(J. Indium 


Ir 


= 193*2 


60, Titfljiium 


Ti 


- 48-1 


27. Iron 


Fe 


^ 5ti-0 


61. Ttiiigateu 




= 184*0 




U 


= 138-5 


62. Uranium 


U 


-239-4 


29. lAwl 


Pb 


= 206-91 


63. Vanadium 


V 


= 51*2 


30, LitJiiutn 


Li 


^ 7-03 


64. Ytterbium 


Yb 


= 173-2 


31, Mdgnei^inrn 


Ug 


= 24*38 


65, Yttriuiu 


Y 


= 88-7 




Un 


- 55*0 


66, Ziuc 


Zn 


= 65-5 


33, Mercury 


Hg 


^200-4 


67. Zirconium 


Zr 


= 90-7 
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CHAPTER lY 



NUMERJCAX RELATIONS OF THE ATOMIC WEIGHTS 

'wo directions hai^e been taken in the attempts to dmw general con- 
lusioiis from the material offered by the atomic weights of the 
slemeuts. A line of thought first pursued by Proufc {1815} and shortly 
if ter wards by Meinecke (1817) starts from the philosophical aBSumption 
a fundamental substance or **protyle," This was thought to exist 
in liydrogen, and therefore the conclusion had to bo drtiwii that, if all 
the other elements consisted of hydrogen, their atomic weights must be 
multiples of that of hydrogen. 

This hyjKjthesis was \ridely diffused in England, especially through 
the instrumentality of Thomas Thomson, the author of a then popular 
treatise on chemistiy, who sought to support it by experiments, which 
we^ how^ever, very insufScient for the purjiose. On the Continent it 
met with no success, as Berzelius hud declared it to be incorrect from 
the consideration of his own determinations ; and the revit^w of the 
whole question by Turner at the instigatioii of the British Association 
proved the accuracy of Berzeliu^^'s numbers. 

However, when the error in the atomic weight of ciirhon was tlis- 
tovered in 1842, and this w^as shown by the work of Dumas and Stas 
j to be to that of hydrogen as nearly as possible in the ratio 12:1, and 
I whetij in addition, Dumas found the atomic weights of oxygen and 
I nitrogen t-o be respectively sixteen and foiu*teen times that of hydrogen, 
French savant did not delay in expressing hia conviction that a 
geuenil law wus here in question. He devoted himself afterwards to 
this J and came to the conclusion that though all the atomic weights 
i«'ere not mtiltiples of that of hydrogen, still the half of this value was 
1 tile basis of all the others. He was afterwards forced, however, to 
Mve this unit also, so that according to his latest views all the 
*itt>mic weights might be represented as multiples of the fourth part of 
that of hydrogen. 

The whole subject loses the greater pait of its interest by this 
<Jiialificationj as the degree of accuracy of the determinations in the 
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case of many elements does not reach the unit given by DamaB, so tba 
the hypothesiB cannot really be tested. 

The same question waf? taken up Bimultaneoualy by J. S, Stas, wh< 
restricted himself to the investigatiori of fewer elements than Dtunas, 
but far surpassed his teacher and former collaborator in the exactnes 
of his determinations, an exactness never reattained* Stas gives 
the result of his researches the opinion that Prout's hypothesis ia 
altogether inadmissible ; it represents merely an approximation to tlifl 
truth, all the atomic weights detei-mined by him differing from thoBfl 
required by the hjrjDOthesis by quantities much larger than the posaiblft 
errors of experiment can account for. 

Although the question seemed finally settled by this unsmpassed work^ 
it has neverthelesa always spnmg up again. The reason of this ia tiie real 
approximatioiij already mentioned, of the values to multiples of the atODiifl 
weight of hydrogen. A glance at the table on p. 33 shows this pkijily. 
There have consequently always been people who conaidered the integral 
values to be the only t:orrect ones. No explanation at all probable of iM 
actual deviations has yet been given ; eapecially so, as no chemical process i§ 
known in which the mass of the given niaterial undergoes any change, Ws 
must therefore at present simply take the nu miners as experiment gives tbem^ 
and leave unanswered the question as to the cause of their surprising ap- 
proximation to multiples of hydrogen. 

Besides these considerations, hitherto fruitless^ another series m 
the same subject but in the 0[)]>oiiite direction has been pursued horn 
the Ijeginiiing. This series, in contrast to the former, has yielded well- 
defined regularities, which are submitted to the reader in the foUowing 
pages. 

J. B, Richter (1798), after his first discoveries on the mass relatioDi 
exhibited when an acid is neutralised by different liases — the beginning 
of the scientific investigation of the subject, — at once conceived thi 
idea that his constants, quite apart from their general significance, wert 
subject to special laws. If they were arranged according to thei 
magnitude, the numbers in his opinion followed a strict law^ for whic 
he assumed different expressions at different times. The generi 
acceptance of the fundamerital law disco^^ored by Eichter was mnc 
retarded by his holding to the above idea with such tenacity that h 
almost lost sight of the chief discovery. However', he was so f^vr Justi 
fied in that the regularities suspected by him actually exist, altboug 
not in the form he attributed to them. 

At first only the constant combining numbers for acids and basei 
and afterwards tbose for metals, received the above-mentioned genera 
isation, a generalisation which led to the atomic theory. Soon afta 
the advancement of this theory^ Dcibereiner (1817) drew attention U 
a certain regularity by showing that the atomic weight of strontiun 
(8 7 '5) lay midway between the atomic weight of calcium (40*0) ^nS 
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,t of barium (137"0). For om* more exact numbers, whicK I have 
placed in brackets, this is not strictly true, as the calculated value is 
88"5 instead of 87*5, but the approximation is at all eveutB remarkable, 
especiuUy m Wis fiml the same thing several times repeated. Lensseii 
(1857), indeed, attempted to anmtige all the elements in triads in 
this way. 

Pettenkofer'a supposition (1850), that the atomic weights of similar 
lements form arithmetical aeries, k more like the original ideas of 
ichter again. Ki^emers, Gladstone^ and especially Dumas, further 
developed the subject in various ways. 

The idm which proved to be the most fruitfid was enonnced by 
Kewlands in 1864, although in somewhat inadequate form, so that it 
did not find ready recognition. He not only arranged the similar 
lements in series, but also the whole of the elements according to the 
truignitude of their atomic weights. It appeared from this arrange- 
ment that similar elements were found at approximately equal distances 
ill the aeries ; countiag from any one element, every eighth was in 
geneml more similar to the 6rst than the other elements. This he 
Killed the Law of Octaves, but did not succeed in fully carrying 
it out* 

Lothar Meyer and Mendelejeff independently (1869) met with 
more success, and their conclusion may be expressed as follows : the 
[properties of the elements are periodic functions of their 
utomic weights. Thus, if all the elements are arranged in the 
onler of their atomic weights in a series, their properties will so 
vsiry from member to member that after a definite number of ele- 
ments have been passed either the first or very similar properties 
^ recur. 
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The carrying through of this idea met with great difficulties at the outflet. 
The reason lay partly m the fact that at that time there was no systematic 
»P4y of clioosing the true atomic weight from those that appeared probable. 
For instance, if it is determined tliat earhon combines with oxygen in the 
laibs 12 : 16 and 12 : 32, it is, without otlier information, quite arbitrary to 
fsrame in the first compound une atom of carbon to one atom of oxygen, and 
in the second, one atom of carbon to two atoms of oxygen. We might just 
as well put the atc»ndc weight of carbon equal to 6 aiid write the compounds 
t,0 and CO, or equal to 24, when the formuhy would become CO, and CO^. 

i*ides horn which this problem of the right choice of the atomic weighte 
m\U bt* attacked were manifold, as will be seen later, but at the period when 
feer and Mendelejeff developed their views there was no agreement as to 
bo^the attack ought to be made, in fact tlie principle we are discussing had 
t^fttn to be applied to dei^ide between the possible values, 

Beddes this difficulty another had to be overcome, namely, that which 
kj in the actual false determination of some equivalents. Here, however, it 
I geaerally merely a quegtioit of trcinsposing two neighbouring elements, 
imtances of which have been already mentioned {e.g. p. 29), a more 
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correct determination being brought about by this circumstance. Mendelejeflf 
was both most energetic and most successful in this respect 

The following is the table of the elements given by Lothar Meyer — 

VIII 

Fe, Co, Ni 
Ru, Rh, Pd 





I 


II 


III 




IV 


V 


VI 


VII 


Li 




Be 


B 




C 


N 





F 




Na 


Mg 




Al 


Si 


P 


S 


CI 


K 




Ca 


So 




Ti 


V 


Cr 


Mn 




Cu 


Zn 




Ga 


Ge 


As 


Se 


Br 


Rb 




Sr 


Y 




Zr 


Nb 


Mo 






Ag 


Cd 




In 


Sn 


Sb 


Te 


I 


Cs 


Ba 


La, Di, Ce 
















Yb 






Ta 


W 






Au 


~Hg 




Tl 


Pb 


Bi 
















1 Th 




U 





The elements are so arranged in this table that the atomic weights 
follow in order from left to right, the first of the second line following 
immediately after the last of the first line, and so on. 

Mendelejeff prefers another arrangement In his table, given 
below, the values increase from above downwards. It differs from 
Meyer's table, in addition to the rotation through a right angle, bv 
being ordered in fifteen rows instead of eight, which renders the 
relations somewhat more plain. 



RoO I 


Li 


K 


Rb 


Cs 






RO II 


Be 


Ca 


Sr 


Ba 






R^Oglll 


B 


So 


Y 


La 


Yb 




ROo IV 


C 


Ti 


Zr 


Ce 




Th 


m V (111) 


N 


V 


Xb 


Di 


Ta 




ROg VI (II) 





Cr 


Mo 




W 


U 


R2O, VII (I) 


F 


Mn 
















rRu 
A Rh 
IPd 




(Os 




VIII 




\ Co 




hr 












IPt 




RoO I 


Xa 


Cu 


. Ag 




Au 




RO II 


Mg 


Zn 


Cd 




Hg 




RaO.lII 


Al 


Ga 


In 




Tl 




RO2 IV 


Si 


Ge 


Sn 




Pb 




RAV(III) 


P 


As 


Sb 




Bi 




RO3 VI (11) 


S 


Se 


Te 








R,0-VII(1) 


CI 


Br 


I 









The content of the two tables is the same ; the corresponding 
elements of the different sections are similar to each other — the per- 
pendicular columns of Meyer's table and the horizontal rows of 
Mendelejeff's. From the former we see that the periodicity of properties 
is a double one, every member having the greatest similarity, not to 
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the next member, but to the next but one. Mendelejeff has, therefore, 
separated these two groups by doubling the number of rows. 

The analogies are most marked in the general chemical properties, 
especially in the capability of forming acids or bases. Taking Mendele- 
jeffs table, we have in the first row the very strongly basic alkali 
metals, the likewise strongly basic metals of the alkaline earths in the 
second row ; then follow the metals of the earths whose oxides are 
weakly basic ; next come the elements of the carbon group, the oxides 
of which are partly weak acids ; the acid properties in each row 
diminishing with increasing atomic weight. The members of the 
sixth row are already decidedly acid-forming, and those of the seventh 
exhibit this property in the most marked manner. 

The same order is repeated in the lower portion of the table. The 
intermediate elements of the iron and platinum groups are not easy to 
dispose of ; they are mostly distinguished by a pronounced tendency 
to form several different series of compounds. 

A very remarkable regularity is observed with respect to the 
valency of the elements, as is indicated by the Roman numerals in 
Mendelejeff's table. This property increases from 1 to 4 ; from this 
point on the elements have mostly more than one valency, one towards 
chlorine, oxygen, eta, which increases as we proceed, and one towards 
hydrogen, which decreases at the same rate. 

Further regularities shown by the physical properties of the 
elements as well as of their compounds in the preceding arrangement 
will be discussed later. 

In both tables there are many vacant places. They belong to 
elements not yet discovered. Mendelejeff made use of the regularities 
just mentioned to predict the properties of unknown elements from 
those of their neighbours in the table. He gave especially a some- 
what detailed description of scandium, gallium, germanium, and their 
compounds, none of which were known at the time he wrote his 
memoir, and to him as well as to science in general has been accorded 
the triumph of seeing these predictions for the most part fulfilled on 
the subsequent discovery of the elements. 

The " periodic system " of the elements is by no means perfect. Elements 
are frequently parted in the preceding tables, which an unprejudiced observer 
would consider analogous in their compounds (e.g, copper and mercury), while 
others are placed together which appear altogether dissimilar, as sodium with 
copper, silver, and gold. It is to be hoped that such incongruities will be 
removed in the future by new facts and by fresh considerations. The periodic 
system is therefore not to be looked upon as the conclusion, but rather as the 
commencement of a train of ideas eminently fruitful. 

We may conclude this book by an observation of a general character. 
From the fact that the mass of the various substances is not changed 
in a chemical process, it is apparent that the mass of a chemical com- 
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pound is the sum" of the masses of its components. Such properties 
which are independent of the state of chemical combination, and whos 
numerical value in compounds therefore appears as the sum of th. 
values belonging to the different components, will in future be calle< 
additive. From the existence of such properties it has been concludes 
that chemical compounds actually contain their components as suet 
the order only being changed ; the additive properties form therefor 
the foundation of the atomic theory. 
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THE PROPERTIES OF GASES 



CHAPTER I 

OENERAL PROPERTIES 

Ihrrm in the gaseous state is distingiushed by its capability of com- 
pletely tilling any given space as well as by its want of any definite 
form. In tbis state matter occupies moi e space than in any other, and 
Ji simpler laws. 

A given mass of gas occupies a definite volume v only when it is at 
definite temperature t and under a definite pressure p. In genei-al 
we may put v = f(p^ t), where f{pj t) signifies a function of p and t 
iftiose form is to be determined. 

The influence of pressure Is such that when the pressure in- 
^mos the volume diminishes in the invet-se ratio. This law was 
discovered by Robert Boyle (1062) and goes at present mostly under 
lis name. On the Continent it was usually called until recently 
Manotte*s Law, but this physicist published it only in 1679. The 
igebraic exjitression of the law is 

V : v' ^ p : p, 

vp = v'p; 

*here ? and p, v' and p' are two p^drs of corresi^onding volumes and 
preaeures which one and the same gas occupies at the same temperature. 
That ig^ at a given temperature the product of the pressure and volume 
a quantity of gas remains constant. 

This law holds for all gases, no mattar what their chemical nature, 
h-m which we may conclude that the cause of the law is to be found 
it! something which is likewise independent of the chemical nature of 
tie gas. 

A similar independence ifl found in the influence of temperature 
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on the volume of g^es. The law which obtains here w^os discovere^f 
sinuiltaiieously {180^} by Gay-Lmssac and Dal ton, and is usuaUf 
named after the former,* According to this law all gases exjmml in 
the same proportion for the mme increase of temperature. 

If we put the volume of a gas at the temperature of melting ice 
and under a definite pressure equal to unity, it will be 1*367 whea tlie 
temperature rises to that of boiling water. This range of temperature 
is usually divided into 100 parte, which are so determined that for 
every part the same increase of volume {namely "00 30 7) occurs, and 
these grades of temperature are called centigrade degrees. They m 
reckoned from the melting-poiiit of ice, upwards w^th the positive and 
downwards with the negative sign. The increase of volume per degree 
is accoixiing to definition for all gases the same, and amounts to 
'003G7 or ^l^- of the volume at 0°; it is called the coefficient of 
expansion. 

The algebraic expression for this relation is found in the following 
formida — 

V = V^(l + at), 

where t is the volume at the temperature t°, that at 0*^ ; a is t!ie 
coefficient of expansion. 

If w^e warm the gas without allowing it to expand, the pressui* 
increases. This increase may be easily calculated from Eoyle's 
Suppose the gas by heating to have expanded from v^ to v, and after 
wards to he compressed again to v^ at the temperature t, then accordiuj 
to Boyle's Law the pressure p^ at 0^ must he to the pressure p at t 
inversely as the corresponding volumes, Le. 

Po : P = : 

or pVo = PoV- 

If this equation is combined with the former, we have 
p = p,,{l + at). 

Thus at constant volume the pressure increases with the temperatuK 
in the same measure as the volume does under constant pressure, Thi 
relative increase of pressure per degree, or the coefficient of tensionj 
is consequently equal to the coefficient of expansion. 

Lastly, if we allow both pressure and volume to change, theil 
product, which at constant temperature is constant, varies with varying 
temperatiu^e in the same way as each of the factors would do separately 
if the other were constant For this general case we have, therefore^ 

PV = PoVo(l+at). 

This equation permits of the calculation of the volume which 
would occupy at normal temperature and pressure when we knc 

* In England it is also frequently called Cljarks's Law.— (Tr,) 
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irolntne at any giyen temperature t and pressure p. The standard 
valu<?5 have been conventionally fixed m that the normal tempeiatur^ 
[ that of melting ice, or zero eentigrade, and the normal pressure that 
■ a column of mercury 76 cm. high, eqiml to a weight of 1033 [)er 
isq, cm.* For this piu-pose the equation is >\Titton in the form 

^ pv 
Po(l+atr 

^ which is frequently employed in practice. 

\\*e can give the general equation pv==p^V(j{l + at) a simpler 
by making use of the following consideration. Since a gas expa 
■00367 or of its volume at 0" for every degree above 0*^, 
' itRitist at 273° have its original volume doubled. On the other hand 
if we cool the gas below 0\ in the same way the volume decreases for 
miy flegree by of its volume at 0\ and is therefore reduced to 
zero at - 273"^. It is as a matter of fact impossible to reach the 
tflmperatui-o of - 273"', and that the law of expansion for gases is valid 
totliis point is open to doubt. Hypothetically, however, we can look 
I upon the law as holding as far down as - 273^ so that we may take 
ts temperature as the zero of a new scale in which every tempeiuture 
bsu numerical value greater by 273 than it has in the centigrade scale. 
If we call these new tempemtures absolute temperatures and denote 
thm by T, then according to definitioit, T - 1 + 273, or t^T- 273. 
If for t in the equation pv = P{)V^(l +at) we substitute 273, we 
T-273\ . . _p.,v„ 



obtain pv = p^,(l + -^^) 



since = 



orpv^-^T. 



If finally 



the constant is made equal to R, we obtain the following simple 



espression 



py - RT, 



It the product of the volume and pressure of a gas is proportional to 
iti ab€olufce temperature. 

These laws of ga&es do not rank in rej^pect of accuracy along with the 
ftrndanmatal laws of Book I- While the latter have stood avery test, and 
wmi in our present state of knowledge he looked upon, as ahsolutely e.xactj 
it is entirely otherwise -^^^tli those wc are now considering. These must he 
if*uked ujKjn as ideal liinitiug cases, to which the liehaviour of existing gases 
I ^IJ^^foxi mates more or less closely, without ever actually attaining tliem. 

The firet investigations on this subject were made by Despretji: in 1825, 
I ibugh 8ome isolated observations ha<l already been commuiiicated hy van 
itanam and Oersted. He came to the conclusion that gases which are near 



* Mercury is 13*595 times heavier than water ; a cohunn 1 Eq, cm, in section and 
'6 cm. high contains 76 c. cm., and {as 1 c. cm* wat^^r WL4ghs 1 g*) weighs therefore 



42 OUTLINES OF GENEHAL CHEiUSTRY book « 

tlie poiut where they pass into luiuids are more compreBfiible than they oughC^ 
to be acconling to Boyle's Law, ^ 

Amgo and Duloog, who in 1829 took up the (experiments witli greaUr 
experimental means at their disposal, could discover no deviation in the case 
of air up to 27 atniospheree. Other gases were not investigated, PouOlet 
compared carbon dioxide^ iiitro^^en monoxide, metUaiie, and ethylene with 
air J and found with all these gascB deviations in the same sense, namely that 
they were more conipre^teible than corresponded to Boyle'a Law. The last- 
two giima were not then known in the lirpiid state. Very comprehensive 
experiments were afterwards carried out by Regnault It resulted from them 
that no gas was found to obey Boyle's Law exactly. Besides the already 
known deviation of tc»o great conipreasibility, hydrogen showed the opposite 
behaviour — -was aceording to Regnault a *^ gaz plus que parfait." 

Howevefj it soun appeared that this, at fir^t quite unexpected, behaviour 
is shown by all gases under very high pressni'es, provided they do not liquefy 
under the pressure, Natterer dii^covered. this in the course of his attempt! 
to liquefy the so-called permanent gases, oxygen, hydrogen, and air. 

The anomaly observed by Regnault in tl[e case of hydrogen is therefore 
no peculiarity of this gas, but is exhibited by all gases, only at different 
pressures. 

Interesting and inviting to further research as Katterer's results were^ 
nearly twenty years passed before a more thorough investigation of the 
subject was begiui. In 1870 Oailletet, and simultaneously Amagat^j again, 
took np the matter. The latter eepecialiy ho^ greatly advanced our know- 
ledge of the question. 

The following diagrams (Figs, 1-5) give a representation of Amagat^a 
results. The pressures are plotted on the horizontal axes ; on the vertical 
axes we have the values of the product pv. If the gases followed Boyle^a 
Law exactly, pv would he constant and the curve would become a straight line 
parallel to the horizontal axis. As we see, no gas corresponds to this simple 
case. Most of them exhibit a decrease of the product at low pressureSj iM 
they are then more compressible. At high pressuresj on the other hand, thi 
product pv is without exception greater, and all the gases behave like 
hydrogen. 

This points to the deviations of gases from the simple law being con-j 
ditioned by two eircumstanceSj one of which causes the decrease at low 
pressures, the other the increase at liigh pressures. Later we shall see what 
conception of the cause of such behaviour may he made from the standpoint 
of the molecular theory. 

The investigations made with respect to the behaviour of gases at low 
pressures have yielded no concordant results. It seems probable, however, 
that the view according to wdiich all gases approximate with diminishing 
pressure more and more to the ideal gaseous state, i.e. to strict obedience ta 
Boyle^s Law, is the correct one. 

The deviation of gases from the simple laws takes place not only whea 
the pressure but also w^hen the temperature varies. At first the coefficient of 
expansion was det^jirained by Gay-Lussac as 'well as by Dalton considerably 
too high. After the correction of the value by Rudberg, Magnus investigate^^ 
several gases and found marked deferences amongst them. As in the olheft 
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Fig. 2. Hydrogek. 
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Fio. 3. Ethylene, 



nonnal gases. The*3e deviations are such that they become smaller aa th 
temperature increases* 

Ab ali^ady mentioned, the divergence from the laws is very great whe 
the gases are near their x^oint of condensatioa It is naturally still greats 
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hen the suhstances in question are liquid at ordinary temperatures and only 
t relatively high temperatures assume the gaseous form. All bodies, however, 
o not behave alike in this respect, for while for most substances the varia- 
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Fig. 4. Carbon dioxide. 



tions remain within comparatively narrow limits, for some others they are 
exceedingly large. In such cases we have every ground to assume special 
circumstances conditioned by the chemical nature of the substances. Acetic 
icid in particular has proved to be such an exceptional case, its density 
v'arying greatly with pressure and temperature when compared to that of 
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normal gases under the same conditions. Only when a very high temperati 
is reached does gaseous acetic acid behave like a normal gas. 




Fig. 5. Methane. 



CHAPTER II 



SPECIFIC GRAVITY AND VOLUJIE OF GASES 



equal Tolumes of different gases at the same tempemture and 
pressure be exposed to any (equril) alterations in these conditions, the 
volumes in consequence of the above laws -^ill always remain equal 
to each other. Tiie masses and weights of equal volumes of difierent 
g»ses will therefore always be in the same ratio if both have the same 
temperature and pressiu'e, no matter what values these may assume. 

Oei this circumstance is based the conception of the specific 
gravity of gases, which is the ratio of the weights of equal volumes 
of the gas in question and of a standard gas measui'ed under the same 
tmditioiis. 

In physics, atmospheric air is usually taken as the standard gas. 
Thi^ choice, howeverj is rather unfortunate, since the composition of 
the air, which is merely a mixture, is not constant, and therefore the 
weight of the same volume of nir exhibits corresponding variations. 

It answers the chemist's purpose much better to use a pure gas for 
llae standard. Oxygen has most to be said in its favoui-, as it also 
sen'es as the standard element in the determination of atomic weights. 

The weight of a cubic centimetre of oxygen is, according to the 
CBct measurements of Kegnault, '0014:30 g. at ' and 76 cm. This 
ight varies with temperatiu-e and pressure, thus 

liere the pressure p is expressed in centimetres of mercury and the 
tempeniture t in centigrade degrees j a is the coefficient of expansion 
D0367h The weight of v c, cm. of oxygen has the value \Vy. 

For many calculations it is of importance to know the volume of 
oitegramof oxygen. This (i.e. the specific volume of oxygen) is 

^10" and 76 cm. equal to .qqj43q j 699*4 c. cm., ^nd varies accord- 
I to the formula 

^ 76(1 -fat) 
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Lastly, we shall eften make use of the voliune of 32 g. of osygei 
(equal to double the atomic weight in grams). This comes to 



22381 



76(1 +t^t) 



To enable the student to calculate with the old data which liave tlt^ 
gpecifiti gravity of air as imit, it maj be rneutiontd that 1 cm. of air q( 1 
ordinary c!onipo«itiou weigha -00 1293 g., aud that its specific Yolume is 773"3 
c, cm, at nornml temperature and prt?s>j5ure. For other temperatures 
pressurea the sauie factors m for oxygen ai^ used. 

The knowledge of the specific gravities of different gases has i 
special interest for the chemist^ and dift'erent methods have, therefore,! 
been contrived to arrive at it. These all come in the end to 
.^ame thing, viz. both the volume and the weight of a given quantitji 
of gas are determined at a definite temperatiu'e and pressure. If wffj 
then calculate how much an equal volume of the standard gas weigtai 
imder the same conditions, the ratio of the two weights gives tiiefc 
specific gravity rei[uired. If W is the weight of V volumes of the | 
to be investigated at the temperature t and the pressure p, that of mt 
equal volume of air is 

pV 



w= '001293 



76(1 + ■00367t)' 
W 



and the specific gravity required, d =^ — has the vahie 

w 



d = 



W76(l + -00 367 1) W(l + -00367t) 



•001293pV 



'00001 7 OpV 



This equation holds for all methods of determining vapour den 
ties ; its a^tplication presupposes that the pressures are measured 
centimetres of mercury, the volumes in cubic centiraetresj the weighti 
in j^ramSj and the temperatures in centigrade degrees, Tlie variou 
methods diff'er only in the means adopted to get a knowledge of thei 
four requisite numbers. 

If it is required to get as accurate determinations as possible o0 
the density of gases that can be investigated at comparatively hH{ 
temperatures, two equal glass globes of suitable size are empioyed| 
these can be closed by means of stop-cocks^ and are exactly equaha 
as regards their weight and external volume. One of the globes 
closed (preferably when exhausted) and this then serves as a couatei- 
poise to the other, which is weighed alternately empty and filled witl 
the gas whose density is to be determined. The counferpoise of equ 
external volume is rendered necessary by the fact that the toti 
upward pressm^e exercised on the globes by the air in which they i 
weighed is about as great as the weight of the gas itself, and th 
this pressure is variable with the condition of the atmosphere. 
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however, the variations affect both sides of the- balance equally, as 
they do in the arrangement described, they have no influence on the 
result of the weighing. When the globe is weighed exhausted of air 
its volume is rendered somewhat smaller by the external atmospheric 
pressure, and consequently the upward pressure is also smaller, so that 
in very exact measurements this circumstance must be taken into 
account. 

The difficulties encountered in such experiments lie in the necessity of 
weighing the large gas receptacles with great accuracy ; the determination of 
the pressure, volume, and temperature can be made with sufficient exactness 
much more easily. In consequence of this we may frequently attain the 
desired end more conveniently and with greater precision by weighing the 
gas, not as a gas, but in the solid or liquid state. This by no means pre- 
supposes that the gas as such may be easily brought into this state ; we can 
make use of this mode of procedure whenever the gas can be generated from 
solid or liquid compounds, or can be converted into these. For example, 
to find the specific gravity of oxygen, Buff weighed a retort filled with 
potassium chlorate, generated oxygen from this, measured the volume, pressure, 
and temperature of the gas, and weighed the retort a second time. The 
difference between the two weights gives the weight of the oxygen measured. 
Conversely, Marchand led the still unknown quantity of oxygen, whose 
volume, pressure, and temperature he had determined, by the aid of an in- 
different gas (carbon dioxide), over a weighed quantity of red-hot copper, 
which united with the oxygen to form copper oxide, so that from the increase 
in weight he obtained the weight of the oxygen. It is easy to see how these 
methods may be applied in other cases. 

When groat accuracy is not required, or when only small quantities 
of gas are at our disposal, the scale of the experiments is considerably 
lessened. Very often the chemist has to determine the specific gravity 
of gases that at ordinary temperatures possess the solid or liquid form — 
of vapours. To this end smaller bulbs of from 200 to 500 c. cm. capacity 
are used, into which some of the substance is introduced. By exposing 
the bullw to a temperature considera])ly (30° to 50° at least) above the 
boiling-point of the substance, so that a rapid evolution of gas is brought 
about, we can displace all the air contained in the bulb by the vapour. 
When the stream of vapour ceases to issue from the drawn-out neck 
of the bulb, this is sealed off and the temperature and barometric 
pressure observed. The weight is found from the difference in weight 
of the bulb when empty and when filled with vapour (the upward 
pressure being taken into account), and the volume is obtained by 
weighing the bulb empty and filled with water at 4° ; the difference of 
weight in grams is equal to the capacity in cubic centimetres. It 
must not be forgotten that the bulb at the temperature of observation 
has a somewhat larger volume, because it is expanded by the heat; the 
increase for glass, about '00003 per degree, is not inconsiderable. 
(Dumas.) 

E 
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We may ohm sjive oui'selves the trouble of weighing the h 
before and after tho exjwiment by deternaining the weight of tk 
vapour in some oth(3r fashion* For instance^ if the vapour density 
iodine is required, we have only to wash out the bulb with a Boluti 
of potassium iodide after the experiment has been made^ aiid to titm 
the resulting solution with sodium thiosulphate in order to 
a very exact determination. Such expedients, however, have 
jia yet almost entirely neglected. 

At very hii^^i temperatures, where glass is not sulfieieutly resiBtoi 
porcelain hnlbs are used which may be closed by means of the oxyliydTOg: 
blo^^pipe. As the determination oi the tempemture in such circnmstan 
h by no means cai^y, we may avoid it by making a parallel experimea 
under the iarne conclitions with air, the weight of which h al&o determinEJ, 
preferably by measurement rather than by direct Tveighing. However^ ' 
weigbing be preferred, a heavy gas of known density ought to be emplej" 
instead of air, in order to reduce tlie relative error of w^eighing. lodi 
vapour, hitherto used for this purpose^ is not suitable, m its density at ' ' 
temperatures is not constant (Deville and Troost) 

In a certain sense the converse of Dumas's process constitutes t 
method of Gay-Lusaac, iu which we determine, not the quantity 
vapoui' which occupies a given volume, but the volume which 
occupied by a given quantity of vapour. The method presup* 
the possibility of weighing the substance in the solid or liqui 
state. 

In the actual performance of the experiment^ such a weigh 
(juantity is introduced into a graduated glass tube filled with mercur 
and standing in a mercury trough. The tube must be placed in 
apparatus which aUow^a of its being maintained at a uniform tempe 
ture which can be accurately determined. The substance assum 
the vaporous stiite, whereby mercury is displaced, the dispk 
volume being read off on the divided scale. The pressure on the 
is equal to that indicated by the barometer minus the height of t 
column of mercury still remaining in the tube; this height m 
howeverj be reduced to 0° by making use of the known coefficient 
expansion of mereui-y ('000182). 

A variation of this method given by Hofmann, who employs lo 
tubes and a vapour-jacket for heating, is a great improvement on 
somewhat inconvenient original process. 

To this group also belongs Victor Meyer's method, which is h 
wise a very convenient one. A cylindrical vessel with a long neck 
heated to a suitable uniform temperature. The upper part of 
vessel is put into communication with a measuring tubo^ and then 
weighed quantity of the substance is let fall into the lower part of 
apparatus. The substance in assuming the gaseous state expels 
equal volume of the air which filled the vessel ; this air enters 
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neasuring tube, and from the reading its weight can be determined 
b the usual way. The method has the great advantage of being 
applicable at all temperatures for which resistant vessels can be made, 
and of a knowledge of the temperature of the vapour-chamber 
not being required. This temperature must, however, remain 
constant during the experiment. 

In order to learn the temperature of the vapour-chamber, which is of 
importance for certain purposes, Victor Meyer drives out the contained air 
by means of hydrochloric acid gas and collects it over water. If v' is the 
volume of the air expelled at the temperature of the atmosphere t', and v 
the volume of the vapour-chamber, then the required temperature t follows 
from Gay-Lussac's Law. 

V :v = (H-at'):(l+at), 
^_v- v^4-'00367tV 
'OOaeTv • ' 

Other methods, to be used in special cases, have been frequently described, 
but they have not come into general use, and so may be neglected here. 



CHAPTER III 



GAY'LUSSAC'S LAW OF VOLUMES AND AVOGADRO's HyPOTHKSlS 

In the course of experiments on the proportions by vohime in wMc 
Ozjgen and hydrogen combine to form ivater, it was foiuid at ti 
end of last century that tlie ratio was 1:2, That they combiai 
exactly in this proportionj as nearly as tbe experimental resoimei 
of that age allowed to be determined, was first enoiinced hy Ga 
Lussac and Humboldt in 1805. Three yeim later Gay-Lusa 
established in a memoir afterwards famous that this was only 
special case of a law that held for all gases. The law fliqs thin 
If gaseous substances enter into chemical combinatiol 
their volumes are in simple rational proportions, and if 
gaseous substance is formed by their union, its volume all 
is rationally related to the volume of the original gasi 
All the volumes must^ of course, be measured at the same temperate 
and pressure. 

This law evidently allows ue to calculate the densities of gaseous col 
pounds irom those of their elements, if we know tlie volume relation! i 
their fomiation. Two vols, hydrogen and 1 vol. oxygen give 2 vols, aqned 
vapour. Kuw the specific gravity of hydrogen (air = 1) is "0693, is. tl 
same voUunii tlmt contains one gram of air at a given tenipeiuture fil 
pressure* will coniaiti only 0693 g. of hydrogen. The specific gravity! 
03£ygen is I'lOSB* We calculate now aa foUowe — 

2 vols, hydrogen weigh "1386 g. 
1 vol. osygen weighs 1*1056 g. 

The resulting 2 vols, aqueous vapour Aveigli 1'2442 g. 
ConBeriuently 1 vol. weighs *6221 g. 

Observation gives *623 an almosit identical number. 

If we consider that gases combine by weight in the proportion a 
their atomic masses or multiples of them, and now also in equal D 

* 773*3 Q. cm. under normal eonditioufs (tf, p. 48). 
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dtiple volumes, then we see that the weights of ei|Ual volumes of 
les, or their §pecifif gravities, must lie to each other as their atomic 
lighu or multiples of their atomic weights. 
The idea is not far to sock, so to choose the atomic weights that 
^ rational factors will agree with those of the volumes in chemical 
nbinations. Then the weights of equal volumes of the various gases 
I be to each other as the weights of their atoms. That this may 
I there must be the same number of atoms in equal vohimes of 
ireut gases. Such an idea receives great support from the general 
lekviour of gases. That thej^ all behave alike as regards changes of 
tampemture and pressure, independent of their chemical nature^ leads 
m to the conclusion that their mechanicixl constitution must be similar, 
whieb is evidently the case if they all contain the same number of 
atoms in equal volumesj the atoms being, under the same exter*nal 
coaditions, equally distant from each other. 

However, one difficulty militates so strongly against this simple 
assamption that we have no option but to let it drop. When chlorine 
and hydrogen unite to form hytlrochloric acid gas, the volume remains 
unchaoged, Le. one litre of chlorine and one litre of hydrogen give two 
litres of hydrochloric acid. If the number of chlorine atoms in a litre 
k If, then according to the hypothesis the number of hydrogen atoms 
k likewise N, and that of the hydrochloric acid atoms fonned can be no 
other than N, as each chlorine atom gives with each hyd Imogen atom 
one atom of hydrochloric acid. The volume of the hydrochloric acid 
ought therefore to be one litre ; but it is two litres. And yet hydro- 
chloric acid gas follows the laws of Boyle and Gay-Lussac — has there- 
fore undoubtedly the same mechanical constitution as the elementary 



In this argument, which appears unanswerable, we have neverthe- 
less tacitly made an assumption that can scarcely be granted without 
firther consideration, viz. that the atoms, as such, directly condition 
the mechanical constitution of gases. As we conceive matter in 
ge«er;d to consist of ultimate particles, gases are of course included in 
this conception, and we must assume in addition that the ultimate 
particles of gases do not cohere to each other ; for a gas as a whole is 
not coherent, but fills any volume which may be offered to it, assumes 
any form, passes through any opening, and so forth. It is true that 
tte first assumption to make is that the atoms are identical with these 
Mependent ultimate particles, but this is not at all necessary. The 
i^depgndent particles of a gas may consist of a definite number of 
diemical atoms, united to form a coherent group, nay, this assumption 
wahnost exaeteii by well-known fact>s. 

We may mix oxygen and hydrogen without their conibiiiation taking 
; this only occura at a high temperature, but then with great violence. 
It paea consist^efl of separate atoms, such a s^tatc of things would he incom- 
prehensiljle, for there is no ground why these atoniSj ohe^-iiig tlieir so-called 
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foixes of affinity, slioultl not unite to form wat^r. But^ on the other handf if 
f^ascoils oxygea and hydrogen consist of groups of atoms, within whieh tk 
atoms are bound to each other, the hondn must fimt he loo&ed before « 
ruarran^ement can t^ilke place, and it is quite eonceival>le that such a trani^ 
formation can only be brought about by the reLixutive influence of a high 
temperature. 

If we now assume that the atoms in a gas join to form equal' 
groups, which w^o shall call molecules, the above considerations!^ 
garding the mechanical constitution of gases will liold for these and 
not for the atoms. We have thus to assume that under the same 
conditions the molecules of diflcrent gases are equally distant from 
each other, so that equal volumes of the gases contain the same number 
of molecules. 

The difficulty raised above in the ca&e of hydrochloric acid now 
disappears. The simplest assumption (and this will be shoisTi later to 
be the correct one) is that the molecules of the gases in question are 
made up of two atoms. If there be in a litre of chlorine or d 
hydrogen X such molecules, there are on the %vhole 2N atoms of 
chloriue and atoms of hydrogen present, w^hich by their umon give 
2N molecules of hydrochloric acid gas, supposing one molecule of it t« 
contain one atom of chlorine and one atom of hydrogen, and thii 
number must occupy two litres, which is the result obtained by experi- 
ment. 

It is thus possible by means of this hypothesis, for which we m 
indebted to Avogadro {1811), to explain the law of combining- vol umei 
by the atomic theory, just as we previously explained the law ol 
combining- weights by its help. We have been obliged to introduce a 
new conception, that of the molecule^ in order to do this; but tha 
molecular hypothesis has proved extremely fruitful, and has contribute 
no less to the advancement of science than the atomic hypothesis 
Dalton. 

Gay-Lussiic*3 law of Volumes will now run; The specific 
gravities of gaseous substances stand to each other in thi 
ratio of their molecular weights. 

The tuttnbor that expresses the rehition between the vapour density an 
the molecular weight manifestly depends on the unit we use for each, Th 
values of the molecular weights are given by the atomic weights ; it is thet* 
fore best to choose the unit of specific gravity so that the number will I 
unity, and the specific gravity become equal to the molecular weight Th 
standard gas would then require to have its molecular weight = 1, ie. it wonl 
have to be thirty -two times lighter than oxygen, wiiose molecular weighs 
is = 2 K 16). But one c, cm, of oxygen weighs '001430 g. (p, 47) ; on 
c cm. of the hypothetical standard gas would thus weigh -00004460 g. m 
the formula for tlie vapour density M (cf. p. 48) becomes 

j^j_ W76(l + -QQ367t) 
'00O04469pv ' 
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or 

W(l+ -003671) 

M= 1700000— ^--^^ 

pv 

As one c. cm. of air weighs '001293 g., the molecular weights calculated 
from the foregoing formula are -001293 : 00004469 = 28*94 times greater 
than the specific gravities compared to air as unity, so that from these 
specific gravities we obtain the molecular weights by multiply- 
ing by 28-94. 

In the following table the vapour densities of the elements hitherto 
determined are collected — 





Atomic 


Molecular 


Ratio. 




Weight. 


Weight. 




1. Oxygen . 


16 


32 


2 


2. Hydrogen 


1 


2-005 


2-01 


3. Nitrogen . 


14-04 


28-11 


2-01 


4. Chlorine . 


35-45 


70-9 


2-00 


6. Bromine . 


79-96 


159-9 


2-00 


6. Iodine 


126-86 


253-0 


1-99 


7. Sulphur . 


32-06 


65 


2 06 


8. Selenium . 


79-1 


160 


2-03 


9. Tellurium 


125 


254 


2-03 


10. Phosphorus 


31-0 


129 


4-02 


11. Arsenic . 


75-0 


304 


4-05 


12. Mercury . 


200 


202 


1-01 


13. Oadmium 


112 


114 


1-02 


14. Zinc 


65-4 


68 


1-04 


16. Potassium 


39-1 


37-7 


•96 


16. Sodium . 


23-0 


25-5 


1-11 



As we see from these numbers, the atomic and molecular weights 
always stand in a simple ratio.* The majority of the elements in- 
vestigated give the ratio 2, i.e, we assume that their molecules consist 
in the gaseous state of two atoms. For chemical reasons the atomic 
weights of phosphorus and arsenic have been fixed at a fourth of their 
respective molecular weights ; their molecules are thus composed of 
foiu" atoms. The atomic and molecular weights of the last five 
elements, which are all metals, are identical ; their molecules, there- 
fore, contain only single atoms. 

These are of course hypothetical assumptions. They allow us, however, 
to represent all the volumetric relations of the gaseous compounds of these 
elements in a connected and consistent manner. 

This is very apparent when the observed densities of gaseous 
compounds of the foregoing elements are compared with those cal- 
culated on the assumption that the molecules of compound substances 
are in general represented by the simplest of the possible chemical 

* The deviations from whole numbers in the last column are caused by the gases 
and vapours investigated not exactly obeying the laws of Boyle and Gay-Lussac. 
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formulie. The molecular weight k then equal to the sum of the atora 
weights of the elements contained in the compountL 

As most vai)OTir densities have been determined relatively to ac 
the correspond iiig theoretical values in the following table have bi 
obtained by dividing the molecular weight by 2 8 '9 4 — 





Multocular 






Weight. 


Calcul^tecL 




Water, H.O . . , . . 


IS 




'623 


AmmouiEL, KH^ . . . . 




-589 


'590 


Nitrogen inon oxide. N^O . 


44 ■08 


1-524 


1-527 


Hydrochloric acid^ HCl . 


36-46 


1-264 


1^6—1 "28 


Gliloriiie peroxide, ClOg » 


67-46 


2-34 


2-37 


Jfitrosy] chloride, NOCl . 


65-54 


2-27 




HydrioJio acid, HI . 


129 


4-42 


4-44 


Hydrogetj sulphide, K^S . 


34-0 


1-18 


119 


Sulphur dioxide, SO^^ 


64 


2-22 


2-25 


Sulphur in onochkridE, B^J^h , 


134^9 


4 as 


470 


Hydrogen aelenide, H^Se . 


81-1 


2-77 


2-80 


Hydrogen phoaphidt^ HgP 


34 


1-18 


1-17 


Fhoiphorua trichloride, PCl^ . 


137-4 


4-76 


4-88 


PhoaplLOi'Lta orychloride, POCl-j 


153-4 


5-33 


5 33 


Phoaphonis sulphochloride, PSCla ^ 


169"4 


5-88 


5-90 


Phoephorua pentasulphide, 


222-3 


7-72 


7-67 


Hydi^ogen ai^aenide, HgAs 


78-0 


2-70 


270 


Ainenic trioxide, As^O^ . 


396-0 


13 72 


1378 


Arsenic tiiohloride, A^Clg 


181*4 


6-27 


*6'S0 


Jlercunc chloride, HgClj . 


271-3 


9-39 


D-S 


Mercuric bromide, RgBr^, 


360-3 




1216 


Hercuric iodide, Hgig 


454-1 


15-7 


1&-6 


Cadmium bromide, CdBr^ 


172 


9-40 


9-3 



Here again the two 
experimental error, and 
above. 



last columns agree within the limits 
therefore confirm the assumptions made 



The law can, however, be still further extended, for without 
assumptions we see that the vapour density of all compounds, even 
although they contain non-volatile elements, must be proportional to 
the sum of the atomic weights of their componentSj or equal to * 
28-9 4th part of this (the molecular weight) if we take air^ 1. V« 
find this also completely confirmed by experiment. 



Metbane, CHj 
Carboii dioxide^ CO.^ 
Silicon tetriMjliloride, SiClj 
Boron tricbloride, BCI3 . 
Aluminium ebloridej AICI3 
Gallium cliloride^ GaCIg 
Iiidiiim Dliloride, luCJLj . 



MDlecular 


Denait J' <alr 




Weiglit. 


Cakulatcft 




16*0 


■554 


■5fi5 


44-0 


1-524 


1-529 


169-0 


5-87 


5-94 


117^5 


4 06 


4 02 


133-5 


4-60 


4 SO 


176-4 


6-08 


6-13 


1847 


6-36 


6*44 
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l)i?niitr{alr=l>. 










Chromjl cWoride, CrOClj 


155'3 


5 '38 


5-55 


Ferrous diloride, FcsCla . 


127 


4 '36 


4*32 


Zinc chloride, ZdCIj 


13ti-3 


4 (Si 


4 01 


Cuprous cliloridej Cu^Cla 




6*84 




Lead chloride, PbCL^ . 


277*3 


9 -64 


9 Q 1 


Bismuth chloride, BiCI^ 


3M*5 


10*95 


1 1 '4 


Thallons chloride, TlCl . 




S-5 


8'S 


Antimony trichloride, SbCl^, . 


226*8 


7-90 


7-3 


Niobium pentachloiide^ NhCljj 


2717 


&-4 


9^6 


Vauadiujo tetrachloride, VdClj 


193-1 


6*69 


6*69 


Tantalum pentachloridej TaCl^ 




12-4 


12-9 


MolyMenuTTT pentachloride, UqC\ * 


273-4 


&-42 


9*46 


TuiigJ5ten |>eutacldondt?, WCIb 


Hfll-5 




127 


Urauiiim tetrachloride, DCl^ . 


SSI 




10 V 


Stannous chloride, SnCljj 




6-53 


6*67 


Stannic chloride, SnCl4 , 


260-0 


8 98 


0-20 


Titanium tetrachloride, TiCli 


100 


6-58 


6*84 


ZircioEiuin tetrachloride, ZK\ 


232-6 


S-02 


8 15 


Germaninm monosulpkidej GeS 


104-3 


3 60 


3*54 


German ium tetrachloride, GeCl^ . 


214-2 


7*40 


7-44 


Germanium tetraiotlide, Gel^ 


5707 


20-0 


20*5 


Potassium iodide, KI , 


157-9 


575 


6-85 


Thorinm tetrachloride^ ThCl^ 


374*3 


12-03 


12-42 



The observed and calculated figures show an agreement mostly very 
latisfiictory. It is to be noted that many of these compounds are 
lasifiable only at a very high temperature, and are some of them 
Very easily decomposed, so that several o£ the larger vaiiationa find 
toir explanation in these circumstances, 

Tbe reaacms for the choice of the atomic weights given above (p. 32) 
ire now made clear from a consideration of the vapour densities. If we 
vere, for ^xample^ to t;ike as the atomic weiglit of phosphorus 2 x 31 =62 
h onder to obtain the formula for its vapour, then the composition of 
li,f<hiogen phosphide would necessarily be PH^p its molecular weight 68^ 
mdits density 2-35, But as the last is found to be only half aa large, it 
w tliereby sho^vn that the molecular weiglit of hydrogen phosphide U only 
S4, and the atomic weight of phoEphoruB itself not more lhan 31. The 
*iitue holds for arsenic and arsenic trichloride. 

The ca&e is difiereut with the metak mercury, cadmium, zinc, potassium, 
itid aodium. We can only determine from the vapour density how much 
tbe atomic weight of an element can be at most, but in nowise how 
Jiaiftll it may be. The law si would be equally well obeyed if we were to 
|i^e mercury the atomic weight 100 and to mercury vapour the formula 
We must here avail ourselves of other laws, which will be discussed 
the aequel. 

If we glance backwards at the relations which subsist between the 
'^iliimes and the chemical composition of gaseous compoundsj we see 
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that they are of quite a different type from those which came ta 
light when we considered the mass relations of chemical substances 
As has been already mentioned, the latter are purely additive 
(p. 38), i,e. the mass of a compound is the sum of the masses of its 
elements. With respect to the volume taken up by gases, this 
property is in a certain sense quite independent of their chemical 
composition. If we take, for example, a definite volume of hydrogen 
and transform it into water vapour, its volume is not altered thereby. 
The water vapour can by combination with ethylene, CgH^ be changed 
into alcohol vapour, CgHgO; the volume still remains the sama 
Ethylene may again be added, so as to give butyl alcohol, C^H^qO, 
without a change of volume occurring ; and so on. Properties that 
always retain the same value for definite groups of substances, 
independent of the chemical nature and number of the atoms in these 
complexes, I have, at the suggestion of Professor Wundt, named 
colligative. The volume of gaseous substances, therefore, is such a 
coUigative property. 

As we explained the existence of additive properties by the atomic 
theory, which states that in compounds the component elements remain 
unchanged each after its nature, so we now explain the existence of 
colligative properties by the assumption of independent atomic groups, 
which determine certain relations by their number alone and not by 
their nature or their chemical composition. The colligative properties 
thus lead us to the molecular theory, and every such property can 
be employed to reply to questions regarding the number and size of 
given molecules, at least relatively. 



CHAPTEK rV^ 



ABNORMAL VAPOUR DENSITIES 

have till now spoken only of those determinations which confirmed 
^A?ogadro's hypothesis that eqnal yolumes of different gases contain 
the same number of niolecules. There have been discovered, never- 
theless, a number of substances, though by no means a great nuraber, 
which appear to form exceptions to the law. However, it has been 
shown that these exceptions are only apparent, so that instead of con* 
tmdicting the theory they actually confirm it. 

One of the best known examples ia to he found in ammonium 
eWoride. According to the formula NH^Cl it has the molecular 
TOght 53'5, and its vapour density should therefore be l'85j in 
Teality, however, we only find it somewhat more than hnlf this number, 
viz. 1-OL The explanation of the inconsistency lies in the fact that 
the vapour of anmionium chloride does not consist of molecules of 
XH^Cl at all, bnt principally of NH^ and HCl, into which it has 
decomposed. The number of molecules, and consequently the volume, 
isdonhled, and the density reduced hy half, 
k The proof that the vapour of sal ammoniac is actually a mixture 
■of ammonia and hydrochloric acid was first given by Pebal in 1862. 
■Ha showed that on diffusion of this vapour the specifically lighter 

■ »niinonia diffused much more rapidly than the heavier hydrochloric 

■ *tciiand that both might be identified by their action on litmus paper. 

■ The objections raised against the validity of this experiment have all 
mhm subsequently answered. In the same way, Le. by difference in 
f rate of difiiiaion, and consequent separation, the presence of 

^lecompositioD protiuets has been proved for very many other aub- 
staiices that exhibited ^'abnormal vapour densities," so that every 
^buht has been removed that such decompositions occasion any too 
^all vapour densities that may exist, 
k la particular cases the proof has been given in other ways. 
I Phosphorus pentachlorido should have the vapour density 7^2 corre- 
I spoiiding to its molecular weight 20S'3 ; smaller values, however, are 
I always obtained, which vary gieatly with the temperature and pressure 
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and sink so low as 3*6. That this is caused by decomposition into 
PCI3 and CI2 may be seen from the colour of the vapour. The un- 
decomposed vapour of the pentachloride has a very faint colour, if 
any, while chlorine is green. It was found that the vapour from the 
pentachloride was likewise green, and that the green became deeper 
the smaller the density grew, i.e. the more free chlorine was split off. 

Just as the irregularities observed in compounds may be explained 
by incipient decomposition into simpler components ^ith corresponding 
increase in the number of molecules, so certain exceptional phenomena 
in the case of the elements are capable of interpretation in the same 
manner. 

The vapour density of sulphur was found by Dumas to be 6*6 at 
500°, whereas according to analogy the density 2*2, corresponding to 
the formula Sg and the molecular weight 64, was to be expected. When 
the experiments were repeated at higher temperatures by Bineau, and 
particularly by Deville and Troost, it was found that the normal value 
2*2 was reached at about 800° and remained constant above that 
temperature. We must, in order to explain this phenomenon, assume 
that the atoms of sulphur unite at low temperatures to form complex 
molecules, probably corresponding to the formula Sg, which then 
decompose at higher temperatures.* 

The changes in the density of iodine vapour observed by Victor 
Meyer (1880) are still more striking. Up to 500° the density has the 
value 8 '8, corresponding to the molecular weight 254 and the formula 
Ig. If the temperature be raised this value continually decreases, j 
until at high temperatures and under diminished pressure the value ' 
4*6 is reached, which nearly corresponds to the formula I (Crafts and 
Meier, 1881). 

If we accepted the view that the smallest free particles of iodine 
vapour consisted of single atoms I, then this decrease of density would 
be inexplicable. W^e can easily, however, conceive the phenomenon a5 
conditioned by the continual decomposition of molecules of the formula 
I2 (cf. p. 55) into those having the formula I, and thus arrive at an 
intelligible explanation of the matter. 

Similar phenomena have been observed in the case of chlorine 
and bromine, but the decomposition here is not so extensive. 

* H. Biltz has quite recently (1888) investigated the matter mare fully. He is 
of opinion that the great increase in the density of sulphur vapour at low temperature 
is not due to the formation of complex molecules, but to the near approach to the 
point of liquefaction. No other example of such a great alteration due to this cause 
is, however, known, and from the general tenor of Biltz's numbers it would seem 
much more natural to infer the actual existence of molecules of Sg. 



!he exceedingly simple mechanical properties which make themselves 
ftTideiit in the uniform comp>rtment of gases towards changes of t^m- 
l^erature and pressure have from the first invited attempts to deduce 
ibetn as necessities by means of some simple mechanical construction, 
far l>ack m 1738, Daniel Bernotilli w-orked out a conception in 
agreement with that in vogue at the jjreseiit day. Yet only recently, 
and in especial by the work of Chmsins and Maxwell, has its scope 
been widened, and applications of it made to various phenomena. 

The fiaudamental phenomenon la the exx>ansive terulency of gases, 
ill virtue of which they fill uniformly any sjmce offered them. No 
intelligible results were arrived at ao long as the existence of a repulsive 
force bctw^een the gas molecules Tvas assumed from analogy with the 
tltractive force of gravitation acting through space. Only when the 
notion of force was given up, and the property in question conceived 
as a pure phenomenon of motion, was the framing of an intelligible 
h}T)OthesL^ followed by success. 

According to this hypothesis a gas consists of a large number of 
^1 particles which do not reriiain at rest each in its place ^ but move 
nbut amongst each other with great velocity. In conset^uence, as 
fioon iLs free space is oifered to a gas, the molecules already in motion 
tfiwards that space fly into it, with the result that it is very rapidly 
fiUd with the gas. In virtue of this continual movement there is on 
tbe average the same number of molecides per unit volume in every 
l^it of the space occupied by the gas, i.e. the density is everywhere 
tbt same. 

Ai the movements take place in all directions, it must happen that 
molecules in rapid motion attain the walls of the vessel in yy\mh the 
gas is enclosed, rebound from them, and fly back into the interior. 
Through these continual impacts the gas exercises a pressure on the 
^'^h, which manifestly must increase both w^ith the number of Mole- 
ctife and with the mass and velocity of each. 

To find this pressure, let us imagine a cube whose side is equal to 1. 
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Let the number of molecules the cube contaias he ii, and let them 
be all of the same kind, each having the mass m and moving vvitli tb^ 
velocitj c. Finally, let the motions tfike place similarly in all direction] 
We eon^sider first one molecule which is fiyiug in any one direcd{3« 
with the velocity c. According to the laws of kiiicmaticsj we ma] 
decomjKise this velocity into three compijnents x, y, and z at rigii 
angles to each other, which are connected with c by the equatioi 
X- + y^ H- = 

Let the three components be parallel to the edges of the cub^ 
The action which the molecule exercises in striking a side of the cubi 
in the slanting direction with the velocity c is equivalent to thai 
which it would exercise if it reached the siime place with the componeul 
velocity perpendicular to the wall in question. If we consider in thj 
first place the component x, then this action is equal to 2 nix, hecausi 
on striking it must first give up the quantity of motion mx and thea 
assume the same quantity in the opposite direction when it rebouadi 
the elasticity being perfect 

This action of a single impact will take place times in unit tm 

against the two parallel faces of the cube, i.e. as many times as tlji 
distance in unit time x is divisible by the distance between the faces a 
the cube. The total action of a molecule in the unit of time wil 

therefore be equal to . 

The same holds for the two other components, so that the actiott 
of a molecule in unit time on all the faces of the cube wiU " 

^(x^ + y- + z"^)j orj according to the above eqnatiouj 

the molecules, t^I^EL. Xo find from this the pressure p per 

surface w^e must divide it by the total surface exposed to the pressor^ 

mnc'^ 

wMch in this case is 61^ ; it follows that p = , or, as P is tbfl 



to 

and of 4 
unit d 



6P 



volume of the cube, 



pv = -mnc* 



This is the relation developed on the basis of the hypothesis give] 
above as to the mechanical constitution of gases. As in the rightrhatwl 
member of the equation we have for a given quantity of giis only con 
stant values, it follows that the product of pressure and volume in sucll 
a mechanical system must also be constant, and so we have Boyk'< 
Law. 

The extenr^ion of thia proof for the cuhe to a yessel of any form can 1 
made without difEcuUy, since the latter may be suppoacd built up of small 
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llbea. The int^imal walls exptirit!nce eqiiiil pressure on both sidesi, find thus 
&j be iniJigined altogetlier itbsexit without the system being changed. 

The quantitj mn in the last eqimtion, since it is the pi'oduct of the 
miM of one molecule into the number of moleculesj is oqual to the 
IFbde mass of the gas. Half the product of a moving mass and the 

iquare of its Yolocity, m-^, is called its kinetic energy. 'Now we can 
lite our equation in the form 



2 



} tbafc the result may be expressed thus : The product of pressure 
od volume of a gas is equal to two-thirds of the kinetic energy of its 
aolecules. 

If, therefore, we have different gases at the same volume and 
■assure, the total kinetic energy of their molecules must be the same. 

This evidently holds for every value of the kinetic energy. If 
o^rwe alter the temperature of a gas, either its pressure or its volume 
ifill increase, in geneml the pfoduct of the two. As of the two 
l&Ptors of the kinetic energVj viz. mass and velocity, the first can 
Imidergo no change, it is cleuc that with a chaiigo of temperatui^e there 
hmt be a change of velocity, and the latter, or rather its square, will 
[be a measure of the temp<?rature. 

Two gases are in equilibrium as regards temperature when they do 
f»ot Influence each other on contact with respect to pressure and 
[Tdume, If we now ask under what circumstances two mechanical 
[ff^atems such as we suppose gases to be, exert no influence on each 
lotkr (the masses of the moving particles being diff'erent), dynamics 
j teaches UB that this happens when the kinetic energy of the moving 
f particles is the same ; the actual calculation is too involved to be given 
tern. Equal changes of temperature, therefore, in different gases 
correspond to eqiuil changes of kinetic energy. As, however, on the 
"ther hand, the product pv is always proportional to the kinetic 
mvgy^ it follows that in different gases equal changes of temperature 
Ciiuse proportionate changes of the product pv. This is no other than 
law of the expansion of gases in its most general form, and so it 
ak} may be represented as a consequence of oiu- mechanical as sump- 

Lastly^ we may deduce Avogadro's Law that in equal volumes of 
"lifieretit gases there is under the same conditions the same number of 
Molticules, If Pi and Vj be the pressure and volume of one gas and p^ 



^nd be those of a second^ and further 
PiV^^p^Tg. N'ow it has been shown that pv 



if = p2 and 

-mn- 
3 2 



then 
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omitting the factor ^ on both sides, 



3 

c ^ c J 



According to the proposition mentioned above, two gaaes have the 
fia^e temperature when the kinetic energy of their separate molecules 
is tlie samOj i.e. when 



(.3 e ^ 

1 Q 2 o 



Dividing the first equation by thia one we get 

le. if the pressure, volume, and temperature of two gases be equ4 
then the number of molecules in each is the same. We thus ^rriTB 
in a perfectly independent although hypothetical w^ay at the same 
conclusion as we settled upon earlier as being the most probable 
expression for the chemical facts. 

The relations just developed may, lastly, he used to calculate tie 
velocities with which the molecules of different gaaes niust move in order tft 

exercise the pressure actually observed. The equation py = -mnc^ give* 

when solved for e the expression c ^ ^ /^^. 

V inn 

If we consider 1 oxygen at 0° and 76 cm. pressure, the mass mn is 
in the first place =1, aud the volume of 1 g. oxygen under these cod 
ditions is v = 61*9^4 (p. 47), The pressure is equal to the weight of 1033 g. 
per sc[. cm, ; a^, however, the intensity of gravitiition is 980*5 (any mast 
receiviug throiigli gravity the acceleration of 980 5 cm. per second per 
second) this niagnittule is further to he multiplied by 980-5, If we perform 
the calculation we tind 

e- 46103. 

A molecule of oxjgen moves, theTefore, through space undei' the giTen 
conditions with a velocity of 46103 cm., or over a quarter of a mile 
second. 

In the formula c= the quotient the mass divided by tbe 

volume, i^ simply the specific gravity of the gas with respect to water aa imitjr. 

If this he represented hy s, we have c^ ' molecular vdocities of 

I are inversely proportional to the square root of their densities. 
We have no means of ohserving these velocities directly, but if dilfeient 
gases he allowed to stream through a small opening in a tliin wall, tbe 
velocities with which they do so are inversely proportional to the square roo* 
of their densities^ Tliis is indeed no direct support to our hypothesia, for ' 
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imtd dynamical coimderatioTi allows that this mml l»e the ca?e, without 
r aasumptioii aa to the constitution of ga^es being made at all. Ft if, 
wever, nQteworthy that the kinetic theory of ga&ea, in bo far m the velocity 
effusion ia considered as conditioned by the velocity of the molecules, leads 

the same conclusion. 

It miglit t>e asked how, in sptte of these enormous velocities, a etrongly 
aelling goB developed in one end of a moderately large roi:iin filled with still 
ir is not immediately perceptible at the remote end, Tiut requii^ a sen&ible 
bne to arrive there. In fact this question has been raified as a deeisive 
objection to the admissibility of the kinetic theory. 

Cbusius answered it by drawing attentioE to the circumstance that though 
Hie molecules actual iy posscBB such velocities in their free paths, yet theae 
frte paths are in all probability very short on account of the frequent 
collisions of the molecules with each other. The actual path of a molecule 
ia tbua not a long straight line, but an irregular Kigmg composed of very 

«lM3rt straight lines, on which the molecule, deqjtte its great velocity, is iu 

general not fer i^moved from its start ing-point. 

A. m^ond question is, w^hether, if this be the case, it is admissible to assume 
t tliat all the molecules of a gas have the same velocity. By such incessatit 
I cflUiiiona some niolecules must evidently acquire a greater velocity and others 
[ a suialkr, ao that in general at a given instant there will be all possible 

\'elrtfities in one and the same gas. 

We must grant this. But the above deductions still hold, if w^e deter- 

iQine the velocity c %o that the total kinetic energy of the molecules, if they 

^ bad this same velocity would be equal to the kinetic energy they 
, Mindh possess. Instead of the expression " kinetic energy " we should, 

tetlyspeakinjT, substitute '^average kinetic energy" in the above deductions. 

Tiiii of course does not in any way alter the general results arrived at. 
Clerk Maxwell calculated the distribution of the "v^elocities for a mechan- 

i(JaI lysteni such as we have assumed, if a fixed state were established. Tlie 

^resiion can only be deduced in a very complicated manner, and has the 

fann 

wbere y represents the probability that a molecule has the velocity x, if the 
probable velocity is put equal to imity j tt is the ratio of the circum- 
ference of a cii^le to its diameter, and e the base of the natural logarithms. 

This result, that the different moleeule^ of a gaa must have different 
Telotiities^ abstract aa it appears on account of our inability to measure 
tbese velocities^ is nevertheless of great value for the right compreheQ- 
of many chemical processes. It teaches us that tbe molecules of 
^ homogeneous gas (and the same thing applies to liquids) are in no- 
^se all simxiltaneously in the same state, but rather in very different 
sUtei When, therefore, a subsUmce must be in a certain definite state 
^ order to exhibit some particular chemical action, otdy a sniidl part 
ft( the molecules will in general be in the requisite conditiouj and a 
jsrtain time will elapse before all the molecules will havB reached this 

F 
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state. But this is just what our everyday chemical experieoce teatiEes 
reactions nil require a greater or less time for their completion, 
although it is so small in the case of the apparently instautaneoiy 
reactions that it is sometimes of extreme difficulty to prove lU 
ejtisfceiice. 

From these considerations we can picture to ourselves somewk 
more exactly the nature of a gas according to the Icinetic hyix^thedi 
The molecules are moving in all directions with very different velixitie 
and arc contiuually encountering each other. We must for given con 
ditious assume a me^n free path which the molecule pursues imdii 
turbed Ijefore it comes in contact with another. The molecules wil 
evidently encounter one another all the more seldom the farther sipae 
they are, and all the more frequently the larger their cross seetioii 
The mean free path L is thus directly proportional to the space allotta 

to each molecule, Le. to ^, if we designate hy n the number of mok 

cules in unit volume. It is further inversely proportional to th 
cross section f*- of the molecules, if we understand by ^ the dii 
tanee closer than which the centres of gravity of two molecule 
cannot approach. The exact expression is given by 0. E. Meyer ij 
the form 



f and 11 are both imknown, but from the phenomenon which led sa t 
the question of the free path, vi/, from the velocity with whitih one ^ 
penetrates into another, the velocity of diffusion, w© may draw offA 
elusions as to their magnitude. The theory of these processes, as well as fl 
the nearly related jfbenomena of gaseous friction and conduction of heat, ; 
still hy no means completely worked out, in epile of many efforts in tla 
direction ; yet we have got so far that the values of the free paths detcrmlufi 
in different ways agree pretty well witli each other. They are extterael 
smEiU, in the ensae of air, for example^ -00001 cm., a length falling with<ffl 
the limits of the microscopically visible. 

When L has been determined, then, as may he seen from ti 
equation^ we are in a position to calculate nf-, the sum of the ci^ 
sections of all the molecules contained in unit volume. In this wa 
we find that these cross sections amount to more than 1*5 a 
metres in 1 e. cm. of air. This comes from the enomous numbf 
and small size of the molecules, for the more finely a mass of givfll 
density is divided the larger %vill be the total cross section of il 
particles. 

Lastly, the dimensions of the molecules themselves have also been 
calculated. The method of doing so will be given later ; here it wiU 
suffice to note the result, which is that the diameter of a molecule lifli 
in general between the limits 10'" and 10"^ cm. 1 
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]i the molecules in a given mass of gas take up a tneasimible part 
d the space, this circimi stance must have an influence on the validity 
ol Boyle s haw. For example, if the diiimeter of a molecule mo^-ing 
I at right angles ti:* two parallel walls of a cube be a hundredth part of the 
diitance between them, the number of encounters will evideiitl}'' be 
gruater than if the molecule possessed no extension, for the molecule 
baa each time to traverse, not the whole distaiice between the walls, but 
tbt distance minus its own diameter. The pressure will therefore, on 
account of this circumstance, increase more rapidly with decreasing 
volume than Boyle's Law requires. 

A correction for this may he easily introduced. If b be the space 
occupied by the molecules, then Boyle's Law dt>es not apply to the 
Vfhole Yohime v of the gas, but to the space not occupied by the 
sulj&tance of the molecules, v - b, and instead of the equation 
pv=ETweget p(v-b) = RT. 

Tbisi correction b is of all the greater importance the smaller the 
volume is in which the gas is confined, antl therefore can only be 
tccuiately observed at high pressures. It explains the irregularities 
wldeh Regiiault observed in the case of hydrogen, and which, according 
t*) the researchea of Natterer and Amagat, appear in all strongly 
^pressed gases {p. 4r2), In this way Budde (1874) calculated 
that for hydrogen, for instancej the molecules occupy -00082 of the 
Eotai volume at a pressure of 100 cm. of mercury. 

Now the total cross section of the hydrogen molecules in a cubic 
centimetre at 76 cm. preasiu-e, according to the calculations given above, 
amounts to 9500 sq. cm. If we call x the side of a molecide supposed 
cubical in form, 9500x must be equal to the total volume of the 
Jfiolecules, i.e. '00082 x ^ ^00062 c. cm., whence x ^ 6 x 10'^ cm., 
a Talue within the limits given above. 

Besides thia deviation from ]?oyle's Law at high preaauresj all gaaee 
ticept hydrogen exhibit another one in the opijosite sense which ia especially 
fevJdent at medium prei?3ures, the observed volume being too small To 
wqikin thifi, it is assumiid that the mutual attraction of the molecules whi(:h 
^austs their coherence in the solid and liquid states coiaes also into play in the 
^ uf pses, and neutralises a portion of the pressure wMch ia caused hy 
the motion of the molecules. Yaa der Waals (1879) developed a theory, 
Bcoording to which thia interaction is invergely proportional to the square of 

a 

wifi volume ; to the external pressure we must therefore add a quantity so 
t^t the gas equation now assumes the form 

(p + ;j) (v-b) = ET. 

Thia corrected equation finds its chief application in the passage from 
tt* gaeeous to the liquid state^ and will be more particularly studied in the 
««qu«l. 
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THE SPECIFIC HEAT OF GASES AND THE FIRST LAW 
OF THERMODYNAMICS 

When a given quantity of gas is heated, it requires a definite 
amount of heat to impart to it a definite rise of temperature. The 
ratio of the hvst two vahics, taken for unit mass of the gas, is called 
its specific heat. If the change of temperature is represented by dt, 

the heat communicated by dQ, then the specific heat ^"^'^j^^®^® 

m is the mass of the gas. 

Quantity of heat is measured in terms of the calorie as unit, i.e. 
of that quantity which is required to raise the temperature of 1 g. of 
water 1' C. 

The specific heat of air, for example, is found to be equal to '2375 
when the experiment is so conducted that air is warmed in a system 
of tubes to a definite temperature higher than that of the liquid in a 
calorimeter, to which it is then made to give up the excess of heat, 
being all the time luider the same pressure. 

But the ft)llowing experiment is well known. If an enclosed 
quantity of air is suddenly compressed, its temperature rises. No 
heat is conmuuiicated, and the change of temperature is finite, there- 
fore the quotient and consequently the specific heat, vanishes. If 

we allow a quantity of air to expand, it becomes colder. If we 
communicate so much heat to it that its temperature remains constant, 
then dQ has a finite value, while dt is zero; the specific heat is 
therefore infinite. If we thus let the gas change its volume, the 
conception of specific heiit becomes indefinite ; the specific heat can 
assume any value whatever. 

On the other hand, Gay-Lussac (1807) made this experiment 
Air was compressed in a hollow sphere, while another similar sphere 
was exhausted by the air-pump. When the two spheres were placed 
in the water of a calorimeter, and then connected with each other so 
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tbt the compressed air could expand int^ the vaciumi, no change in 
the temperature of the calorimeter took place. The change of volume 
aloue, tSerelore, does not canse the change of temperature. 

J- Mayer in 1842 reconciled these two apparently contradictory 
hi^is. To the questions : Whence comes the be^t generated on the 
compression of a gas, and what hecomes of the heat which vardshes 
when u gas expands ? he gave the answer : The work that is done 
during the comi>reasiou is changed into heat, and the w^ork that the 
^ does in moving hack the external ah- pressing upon it cannot 
spiTJig into existence from nothings but comea from the heat which 
ih j^as loses. If there is no external pressure to overcome, as in 
Gay-Lussac's experiment, there is no work to he done and consequently 
no beat is used up. 

Work and heat appear here as two f onus of the same thing, like 
m\ and yellow phosphorus, or like diamond and amorphous {^rbon. 
The thing itself Mayer conceived as nncreata-ble and indestructible, 
L'onstant under all conditions ; it could only suffer clumge in apparent 
quality, none in quantity* He called it " force/* But as this name 
|)osgesses another signiiication in dynamics than that which Mayer 
hd in his mind, some confusion %vas cause*:! by his choice. The name 
energy has therefore heeo generally adopted to denote this thing 
aBflthtj principle enoiuiced by Mayer is that of the Conservation 
Energy, 

This piinciple is derived from experience, antl is of the most general 
iignificance, like that of the eonservation of matter, and just as the vain 
endeavonrs of the alchemists to make gold were caused hy ignorance of the 
latter, a like ignorance of the former led to the many attempts to solve the 
I tf[itfllly impossible problem of the perpetual motion. The fact that it was 
' tiver considered possible to create work fi-om nothing, shows that the principle 
4 the conservation of energj' is hy no means a necessity of thought, as is 
sometimes alleged. It is, however, along with the principle of the coneerviv 
tion of matter, the greatest and most comprehensive generalisation ever made 
in Mtm'al science to embrace the observed ftiels* 

We shall later on have occasion to refer repeatedly to the proofs 
of the principle, which are exceedingly numerous and have never 
shown an exception. Here we need only mention the experitnents of 
Joule (1843), which form a good example of the connection between 
the two forms of energy j heat and w^ork, and have led to the deter^ 
mination of the numerical relation between them. 

In dynanucs w^e understand by work the product of a force into the 

space through which the point under consideration has passed in the 

ilimction of the force. If we t*ike for practical unit of force the force 

irith which a gram of any subst^vnce ia attracted by the earth, =^ then 

* The so-ealleil ftbaoUite miit of force is that which comtnuiiicatea unit sj>eed (a 
ntimetre per s^^colld) to niiit masg (a ^rani) during unit time (a second). The unit 
employed is WO^u tiines greater, as 1 g. receives from gravitation in 1 second a 
of J*80"5 cm. ]>er second. 
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the work which m grams weight perform when they cover a distance 
of rcentimetrea downwards is ml uiiit&. Now Joule used the work of 
such weiglilfi to mb two iron plates^ immersed in water, agjiinst eacb 
other* As these experience no pormaneiit change, the work expenrletl 
m transformed into hent, the quantity of which may be caleukted 
from the mass and rise of temperature of the water. If we now put 
this quantity of heat equal to the work expended, we ol(tainj as Joulo 
found, a perfectly constant ratio between them, which depends neither 
on the mmle of changing the w^ork into heat nor on any other comlitbn 
of the experiments. The mean value of the ratio from frequently 
reiTcated determinations is 

I calorie = 42350 g. cm., 
ie. when the product of weight and height amounts to 42350, then 
1 of water is warmed V C. by this amoiuit of work. The number 
m called the mechanical equivalent of heat. 

Mayer determined the same umi^itiide in the following way The 
apecific heat of air, when at liberty to expand on being heated, is 'S375| U' 
1 g. of air is warmed V C. by -2375 caL From esperimentB, which will be 
described below, it has been found that the specific heat of air wliea its 
volume remataa unchanged is much less, viz, 4G83. As the air it^lf ifi 
heated to the same extent in both cases, and as according to Gay-Luisac^i 
experiment it^ temperature does not alter when it expands without doing 
work, the difference of *0{J92 eal, per degree can be nothing else than the 
energy the air requires in order to perform tlie work of expanding mder 
atmospheric pressure. This may be cjdculated as follows — 

Let U55 imagine 1 g. of air contained in a cylindrical tube of 1 sq. cm. 
lection ; it occupies 773^3 c. era. at (p. 48) and expands by 1/273 of iu 
volume on rising l"" in temperature, by 2 "8 30 c. cm. An air-tight piston 
moving in the tube would thus be raised 2*830 cm. The x^ressure of tlift 
atmosphere on 1 sq. cm. is 1033 g, weight {p. 41) ; the work done is tliitf 
2-830 X 1033, and is equivalent to *0692 caL If the product be now 
divided by this number, we obtain 42380 for the/ mechanical equivalent, I 
value which agrees better with that given above than the accuracy of tbt 
data used might lead na to expect 

It is of importance for many purposes to know what work a ga! 
can do when it expands at a constant temperature. In general thii 
work will be expressed by the product of the pressure and the changd 
of vohime, pAv (where Av is the change of volume) ; the calculatioij 
presents some difficulties when the pressure is not constant. It ii 
convenient for this purpose to represent the relation between th< 
pressure and volume of gases graphically, bj tabulating the pressurel 
on a perpendicular straight line and the volumes on a horizontal one; 
The curve obtained has the property that the product of the co 
ordi nates of any point is constant — corresponding to the gas equatiol 
pv=RT. Analytical geometry teaches m that the form of this cunN 
is that of the rectangular hyperbola. 
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The work that is done when the volume changes by Av, it. the 
product pAv, appears in the figure as a narrow quadrilateral surface 
axip'p. The total work performed 
on expansion between two states 
of the gas P and y is therefore 
the sum of all the narrow quadri- p 
laterals pAv, and thus equal to 
the quadrilateral a^yS. The cal- 
culation results, therefore, in the 
so-called quadrature of the 
hyperbola. 

This problem cannot be solved 
by elementary mathematics ; we 
must therefore be content with the 
general result. If a gas expands 
at the temperature T from the volume Vj to the volume v.,, always 
exercising meanwhile the pressure given by the equation pv = RT, 
then the corresponding work has the value 

L = RTlg^. 

Here Ig stands for the natural logarithm, i.e. a logarithm to the base 
e = 2*71828. The natural may be obtained from the ordinary or 
decimal logarithms by multiplying the latter by 2*30259. 

Returning now to the question of the specific heats of gases, wc 
see that we can only speak of such when we accurately determine 
what external work is done, if any. The simplest case would evi- 
dently be that where external work was altogether avoided, for 
example where the gas was enclosed in an unyielding vessel and the 
specific heat determined under these circumstances. Unfortunately 
this theoretically most simple case has hitherto been experimentally 
quite impracticable, for the vessel in which the gas must be enclosed, and 
which necessarily takes part in the heating and cooling, has to be 
made so massive in order to resist the pressure called forth by the 
change of temperature, that it is responsible for by far the greater 
part of the heat exchange, so that the part left for the gas cannot be 
determined with sufficient accuracy. 

Such determinations are therefore conducted so that the changes 
of temperatiu-e take place under constant external pressure. In this 
way we obtain the specific heat at constant pressure, which we shall 
call Cp. Extensive experiments for the determination of this number 
liave been made by Regnault, whose results will be given later. E. 
Wiedemann repeated some of them, and investigated the changes 
which the specific heat of many gases, especially those containing 
carbon, undergoes with change of temperature. 

To ascertain from these numbers the specific heat at constant 
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A'olume Cv, the tbermal equivalent of the external work has to be 
subti-acted. The calculation is simplest when such quantities of gas 
are considered as correspond to the molecular weight in grams^ tsj. 
32 g. oxygen, 2 g. hydrogen. All gasea hare then the same volume, mt 
32x699-4 *^ 22380 c, cm. at 0' and 76 cm., and expand on heating V 
1/273 of this volume or 81 "98 c, cm. per degree. The external worlt 
amounts to 81*98 x 1033 (p. 70), or 84678 g. cm., and in thennal 
measure 42350 times leas. By chance this last number happens te be 
almost exactly the half of that just found to represent the work ; tk 
external work done l>y different gases on expanding from 0*^ to 1' wiO 
thus ho 2 ca!., if avo always take such quantities of the gases are 
represented by their molectdar weight in grams. 

The specific heat of gases at constant i>ressure is usually givea for 
unit weight To find the external work for this quantity we have only 
to divide 2 caL by the molecular weight of the gas. By subtracting 
the value obtained from the specific heat at constant pressure we get 
that at consti:int volume. 

It is more suitable j however, for as to calculate the specific heat fcT 
molecular weights of the various gases, i.e. the m ol e c u 1 a r h c at s. They 
are obtained by midtiplying the specific heat for unit weight by ih 
molecular weight The molecular heats at constant volume are twa 
units smaller than the numbers thus obtained. The values determined 
by Regnault are given in the folloA^ing taljlo — 



Name, 


Fonnnla. 


Molttriilar 
Weight. 


Molecular Heat* 

At OODstjiTlt At (^OSlSlWlS 

preasuie. volume. 


Oxygen . 


. 0, 


32 


6-96 


4 "96 


Nitrogen 


■ K 


28 


6-82 


4"S2 


Hydrogen 


. H, 


2 


a '82 


4-82 


Chlorine 


. CI, 


71 


8'59 


fi"59 


Brora ine 




160 


B-87 


6 -87 


Kitric oxide . 


KG 


30 


6 '95 


4-95 


Carbon monoxide . 


CO 


28 


d-stJ 


4-S6 


Hydrogen chloride . 


HCl 


36-5 


6-76 


4-7fl 


Carbon dioxide 


COa 


44 


9 56 


7-5a 


ITitroua oxide . 


N,0 


44 


9 ■97 


7-97 


Water . 




18 


8 "66 


6-06 


Sulphur dioxide 




64 


9 -82 


7-82 


Hydrogen stilphide 




34 


8 '20 


6-20 


Carbon diaulphide . 


. CSa 


76 


11-88 


fi'88 


Methane 


CH, 


le 


9-42 


7-42 


Chloroform - 


CHCI3 


119"5 


18-55 


16*35 


Ethylene 


C>H, 


28 


1P95 


9-95 


Ammonia. 


. NH3 


17 


8-60 


6-60 


Benzene * 




78 


29-05 


27 '05 


Oil of turpentine 




136 


68 '3 


66 '3 


Methyl alcohol 


CH4O 


32 


U-55 


12*55 



* 699*4 is the volume of 1 g. oxygen under normal conditions. 
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Moleculiir Heal. 
At ooiifltftiilr At eon&iUnt 


Etliyl aleoliol 




44 


207 


16-7 


Ether .... 




74 




33-2 


Etliyl siUplide 




90 


35-8 


S3 -8 


Ethyl chloride 


CaH,Cl 


(54-5 


17 


I5'ij& 


Elliyl l>roiuide 




109 


20-20 


18^20 


Etbyleiita clilond^ . 




99 


22^60 


20*50 


Acetone , . , . 




58 


23'75 


21-75 


Ethyl acetate 




88 


35^0 


33-0 


Silicon tetrachloride 


8iCl, 


m 


22-30 


20-30 


rhotsphoma trichloridij . 


PCI, 


137-5 


18^35 


16-35 


Arf^iiic trichloride. 


AeC\ 


181 "5 


20*20 


18-20 


Titanium tetrachloride . 


TiOl4 


190 


24-61 


23-61 


Tin tetrachloride . 


SnCli 


260 


24 15 


22^15 



Ceitain regalajilies may be observed in the preceding table. The 
molecnlar Iteata ol' the diatomic gasea O^, H^, l^^i instance 
m dl approximately eq^uai Cl^ and Br^, however, although likewise 
diatdiuiq have coiiBiderably higher values. In the &arae way the gases with 
ttree atoms in tbe molecule partially agree, although witli tiome ei5:ception&. 
CVjfflplete regularity caa scarcely be expected, as most of the vapours investi- 
gated alter their specific heat considerably and in different ways with the 
temperature^ so tbat quite dissimilar tables are got according to the tempera- 
im of cKperiinent. 

The molecular heats at constant volume are, as has been mentioned, 
calculated by subtracting the external work. They cm, howevei', be 
exporimentally determined in an indirect way, which permits us to 
measure the ratio of the two specific beats. 

The investigations of whicli we have here to speak took their rise 
in an enigmatical w^ant of agi cement between experiment and what 
appeared to be a faultless result of calculation. The theory of oscil- 
latory motion in an elastic medium leads, as Newton showed, to the 

formula u— \/| velocity of sound in a gas, where u is the 

velocity, p the pressure, and d the density. For air under normal 
conditions p=1033 in gravitation units, or 1033 x 080 -5 in absolute 
"nits, and d= 001293. Performing the calculation we get in round 
numbers 28000 cm. instead of 33100 as obtained by experiment 

Such a want of agreement between the results of mechanical 
inalysis and exi>enence always proves an error to exist in the premisses^ 
Mid this error Laplace discovered. Newton, in order to introduce 
the relation between pressure and density, had used Boylo's Law^j which 
makes them proportional to each other. Laplace showed that this was 
tiot justifiable, fot^ in the rapid compressions and dilatations which 
tte air experiences during the propagation of soiuid, the heating and 
cooling efiacta mentioned on p. C8 come into play. The pressure thus 
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incraaies atitJ decreases faster thfin the deiisitj. The ratio bttweeo 
prafifiure and density njust thus be multiplied hy & numher which tatea 
account of this inliueuce. 

The iitiiDl«r may be determined in tlie following way We imagine 
1 g. of air under normal conditions cuntuined in a vessel from which ^u- 
jecta a eylintler of 1 bij* cm. Bection ; in the cylinder is a piston movable 
without friction. We press tiie jmUm A ciu. into the cylinder, ami mm- 

qnently do the work pA, producing a quantity of heat equal to wto 

E ii the mechanical equiyaknt of heat. This heat raiBes the temperature 
pA 

being the specific heat at constant volume. The pressure woull 

have risen from p to p ^1 + if uo heating had taken plae« ; but now it 
rises heaidea, owing to the increased temperature, from p to p (1 + at\ or, am 
t = to p ^1 + ; the ratio of the two increments is 

pAa A pva 

Tf a 9t!Cond compression be now made, the temi>erature, and with it tlx 
pressure, does not rise in the same measure as befoi-e, but luore rapidly, ixace 
the work increases with the now higher pressure. The same holds for all 
following compressions ; if the volume, therefore, is diminislied hy equal 
amounts, the pressure will not increase thus equally, but so that the incre- 
uients increase proportionally with the pressure already exisliJig, Tkis 
relation is expressed hy the fornmla 

, k 



W Pi 



The exponent k is the ratio which the total increase of pressure bears to 
pya 

that from Boyle^S Law, viz. 1 + . We can write this in the form 

k= ^ 



pva 

Now ~- is the thermal equivalent of the external work done by tine 

gas on expanding, for 1"" rise of temperature ; and the sum of the specific heal 
at constant volume plus this, is the specific heat at constant pressure, therefore 

Processes such as the above, where heat neither enters nor leaves 
the system, are called adiabatic ] here the pressiu^e is not inversely 
proportional to the volume, btit to the kth i:K>wer of the volume. By 
making determinations of the changes of pressure in adialmtic process 
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Lre can calculate from them k = p^, the ratio of the two specific heats. 

fThis is as yet the only means we have of arriving experimentally at 
I the specific heat at constant volume. 

I The sudden alterations of detisity in the air due to the propagation 
I of loand, being adiahatic, may serve for this purpose ; k is then the 
I correction in the ratio between pressure and density which was found 
[ above (p. 74) to be necessary, so that for the speed of sound we must 

the formula n = \/k^ instead of u = square of the 

mtio of the observed speed of sound to that calculated from the old 
fcmiila is thus equal to the ratio of the specific heats. From the 
Mimbers already given we get for air k = 1 *40. With the help of this 
value the sj^ecific heat of air at constant volume used above was 
odculated, and we saw that the value of the mechanical equivalent of 
ieat obtained from this datum agreed with that determined by direct 
eitperiment. 

Iq order to ascertain the speed of sound in other gases than air, and m 
make tlie above method applicable to thern nbio, Kundt (1866) contrived a 
|laii for aieaaiiring the wave lengths of definite notes produced in tube.'^ by 
MmB of the figures assumed by a light powdtdC with wlucli they were dusted 
internally. If I is the wave length and n the number of vibrations of the 
ill (piestioHj then nl is the velocity of sound* The number of vibra Lions 
<ioM not even need to be specially determined, for if wave^ be produced in 
m hj the apparatusj their length baa merely to be divided into the known 
Teli)city of sound in air in order to obtain the number of vibrations. 

Another method, first applied by Gay-Lnssac ^nd Welter, consist a in 
a large glass vessel with slightly compres-sed air and measuring the 
fcxcess of pressure, A birge stop-cock commimicatiiir^; with the external air 
then suddenly opened and immediately thereafter again closed. The 
li'i^iid in the manometer attached, wliieh bad assumed the same level in both 
^mU on the openiug of the stop-cock, comuiences after i\ few seconds to rise 
'mti and remains at a pressure somewhat smaller than the initial pressure. 
Tliis arises from the cooling of the air consequent on the w*ork it required to 
during the sudden expansion. When, after the stop -cock is shnt, it 
fea^nmea its former temperature from tlie environment, tlie pressure in- 
cteasea correspondingly, Tlie calculation of such experiments is made 
nccordiiig to the formula on p, 74, w^hich is now w ritten in the form 

log v^- log v/ 

^^Iieriments of this kind are either mofe difficult or less exact than those 
^ta the speed of sound, as it is very hard to carry out the process quite 
Jvltahatically. 

K the values of k obtained in these ways are used to calcuhtte the 
molecular heats at constant volume from those at constant pressure, 
the numbers are usually somewhat smaller than the values calculated - 
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imrn the ext^nml work (p. 72). This eomes from the assumption 
theni made not holding for the mote compUeated gases; even on 
«paii£ioD without external work, heat is expended by aueh g:ise% 
* '^though not to any great extent, in partially overcoming duriiig tlie 
expansion a aetisibk intcEaetton of the molecules. 

A few words mmj he said in conclusion on the relation between the 
kinetic theoiy of gases and the experimental determinations of the 
specific heats. Since the product of pr^sure and volume is equal to two- 
thirds of the ktnetie en^^gy of the mo\'ing molecules (p, 63), and this in 
its turn is proportional to the temperature^ it is easy to compute tlie 
1 tier ease of energy experienced hy a gas when heated l\ It is fapT, 
where a is the coefficient of tension -Uj, For a molecular weight in 
granii of any gas the product apv has been already calculated (p. 7^) 
and found equal to 2'00 cat ; the energy required for heating this 
quantity 1' is therefore 3-00 c;il This is the smallest molecular 
heat that a gas may have at constant volume^ and 5*00 cal. the 
smallest at constant pressure. It has Keen found that all the experi- 
mental nnmWrs are indeed greater than this value. 

If now a gas, tJi. oxygen^ requires 4-96 cai to heat it at 
constant volume, then the excess of 1*96 cal. must be ex]iended 
in doing some sort of work inside the molecule. With the conception 
we have formed from chemical grounds as to the constitution of mosi 
gases, e.ff. oxygen, intramolecular work must necessarily l>e assumetl : 
for these systems of two atoms must in their continual impacts receive 
in addition to their rectilinear motion a motiou of rotation round their 
common centre of gravity, the energy of which will not appear as 
pressure- It is, moreover, to be expected that with increase of tempera- 
ture the distance between the atoms in the molecule will increase in 
consequence of their faster movements of rotation^ and this too will 
require an e^q^enditure of work 

All these things have no place in a gas whose molecules consist oi 
single atoms. Mercury vapour is supposed on chemical grounds to 
consist of such simple molecules ; it should, thereforcj possess a 
molecidar heat at constjmt volume of 3 cjiL and at constant pressure 
of 5 cid., the ratio being 1'67. Neither of the specific heats has 
been determined, but their ratio was measured by Kundt and Warburg 
(1876) according to the method given by the former, and found to l>e 
r06< This is a very good confirmation of the conclusion drawn at 
first from chemical considerations, 

Tlieoretical investij^atioiis have been often undertaken to determine the 
^^nergy iieeesi^^ry for the intramolecular work in compound moleculesj hut 
tliey have not met with mm'}i ^uctess. Not only the number but the nature 
of the atoms hai a great influence on the conditions, as may be seen from the 
fact that the molecular heats of gases containing the same number of atoms 
in the molecule have Ijcen found to bediti'erent, A mathematical expressioa 
for thi« influence has not yet, however, been pjiven. 




BOOK III 

THE PEOPEETIES OF LIQUIDS 
CHAPTEE I 

GENERAL PROPERTIES 

Matier in the liquid sttite has lost the property of completely 
i>ccnp}ing any space offered to it. Liquids, iri contrast to gases, 
possess a definite volume, which it is true nuiy be increased or 
dinnnished by change of temperature or pressure, l>ut only in a small 
tteeisure. Like gases, liquids possess no pioper form, but assume 
It every time that which corresponds to the sum of the forces 
BCting on them. 

With respect to the influence of pressure, liquids show nothing 
of the uniformity that we found in the case of gases. The com- 
pressibility, measured by the change of volume which unit volume 
erpeiiences when subjected to unit pressure, is very small ; it is, e.g. 
far water, only about 48 TOiUionths per atmospliere. For other liquids 
it is mostly greater^ and always to a gi-eat degree dependent on the 
temperature. Anything general as to this magnitude can scarcely be 
stated, as its determination is still very inexact, on account of otu^ 
inability to calcuLite with sufficient accuracy the changes of volume 
which the containing vessels undergo. 

The expansion of licpiids by hea.t is also greatly dependent on 
their nature, and is not yet susceptible of treatment from a 
general chemical standpoint. The influence of tcmperatiu^o on the 
volume is commonly represented by an equation having the fonii 
V = Vq(1 + at + bt^ + et^ , . .), where Y is the volume at the tempera- 
ture t, Vp the same at 0^, and a, b, c, . . . constants. Such formulae 
have no theoretical significance, and only serve to calculate the volumes 
for intermediate temperatures at which no direct observations are 
made* The same service is rendered by ciurvesj whose absdss^ 






At diimni HifDidi Msve iliiimiily fempis exlemal pressure 
and h&^t, it ii to be conchid c d tial their ^wokujom m not couditioneij, 
Ifke ih&t d Igr gpmml linimwIiiiM ii wliicli are independent: 

(/f ihmr ckmSal onlare, but latlier hf Ae mture of ibe molecuks 

snd th'Ti'r rccf|irocal actir/n, which latter we iisimllj represent to our- 
mlfM m trititm} attrsM^tioiL The Tolume of liquids is not a colEgative 
jmtim-lyt lik*j the volume of ^ue#; we shall see later that it is in the 
im\u (uJ*liliv^5 ill <;birftctert 



CHAPTER II 



RELATIONS BETWKKN TIIK GASEOUS AND LIQUID STATES 

If a (luantity of gas bo exposed to a continually increasing pressure 
at constant temperature, two things may happen. Either the volume 
decreiises at first somewhat more rapidly than the pressure increases, 
then at the same rate, and finally more slowly ; the greater the 
pressure now becomes the smaller grows the relative decrease of 
volume, to be at last reduced to quantities of the same order as those 
observed in the case of li(iuids. Or, secondly, the phenomenon begins 
in the same way with a somewhat greater compressibility than 
corresponds to Boyle's Law. The deviation from this law, however, 
does not decrease with increasing pressure, but the gas at a definite 
pressure suddenly loses its homogeneity and se})aratos into one portion 
which has become liquid and a second which remains gaseous. 
From this point it is impossible to raise the pressure by diminishing 
the volume, for the consequence of a diminution is merely the lique- 
faction of a further portion of the gas, the i)ros8ure remaining 
constant. Only when the vohmie becomes so small that the gaseous 
portion has been entirely converted into \U\\\\d does the pressure 
increase for a diminution of volume, but then the increase is very rapid. 

If we start in the opposite direction from a li(iuid under great 
pressure and increase the volume, the i)res8ure diminishes at first 
very rapidly until it has reached a certiun value. At this pressure 
the liquid begins to seimrate into two portions, a vapour and a liquid, 
and the pressure now remains unchanged for further increase of 
volume until the liquid has all assumed the gaseous state. Then 
again an increase of the volume conditions a fall of pressure, which 
shortly afterwards begins to obey Boyle's Law and diminish inversely 
as the volume. 

A liquid can thus in general only exist when it is under a definite 
pressure, which must be e(iual to or higher than the pressure at 
which it changes into vapour.* This pressure is called the vapour 

* There are, to be sure, special cases lu wliioh liouids have a transitory existence 
even below this limiting pressure ; those will bo spoKon of later. 
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pressure of Hm tji[inc] in qoestioiL It depeads on the cbetufa 
nature of die Uqtaid md on liie tempemture. With increasing tempr* 
ture the vapour pressure of liquids mmmm all values Ijetweeu zm 
atid i-i definite niaximum^ which lies moelly between 30 and UHf 
aUn. accorditig to the nature of the liquid* It a liquid is under 
a higher pressure ihjiu this maximum va|K>ur pressure, then 
at the highest attainable temperatures uo separation inti> liquid 
and vapour takes place, but ihe liquid remains homogeneous aud 
exiMKuds continuously more and more. The lowest pressure at whieti 
this phenomenon begins is called the critical pressure. v 

It depends upon the temperature which of the two cases specified 
at the beginning of this chapter will occur — whether the gas may be 
continuously compresse*!, or whether it will liquefy at some definite 
pressure. If we take a liquefiable gas and raise its temperature, ita 
vapour pressure J or the pressure at which it will begin to liqiieff, 
increases. This pressure cannot, however, increase without limit, for 
when the value of the critical pressure is reached there is no temperar 
tiu^e at which a sepanition into ll"juid and vapour can take place, 
The lowest temperature at which this state is assumed, or tbe^ 
temperature at which the vapour pressure is e<|ual to the criticsl'! 
pressure, is called* the critical temperature. 

Similar considerations apply also to the volume. If we imagine a 
quantity of liquid to be enclosed in a volume, definite but larger tbn 
the liquid occupies itself, this simce will be filled |>artly by the liqiiid 
and pirtly by its vapour. If the vessel is warmed the liquid will 
expand and a further portion of it be tmnsformed into vapour, until 
the tempeniture reaches a point at which the liquid has been all 
gradually converted into vapoiu'. If the vessel be now of smaller si^e 
and the experiment repeated, a higher temperature will be required 
for complete vaporisation ; on still diminishing the volume we at 
last reach one which is entirely filled by the liquid at its critical 
tempet-ature, without any space remaining over for vapour. This 
volume, occupied by the liquid at the critical temperature and imd&r 
the criticjil pressure, is called the critical volume. 

The recognition of these important relations by which our com- 
prehension of the nature of the states of aggregation has been 
materially advanced, is due to Andrews (1869). 

Ab may be shown from the above facts^ it is possible, starting from 1 
Hubstance undoubtedly in the gaseous state, to obtain a Uqmd without ftux 
discontinuous change taking place during the traiisforniation, and coiiverg^ly. 
If we take a gas and heat it to above tlie critical t-emperaLure, we can com-^ 
press it as mucli as we please without liquefaction occuriing. If tts 
continue the compression until the critical pressure is exceeded and tliea 
cool, this pressure being meanwhile maintained, no separation into liquid and 
vapour am take place, but we find after the t^jmperatm-e lias been sufficiently 
lowered and the pressure taken oft' that the substance is a liquid, Cc>nverselyi, 
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from a liquid, we caa heat it unOer a pre^ure exceeding thrf 
preeeure to abov« tbe critical teiiipenitiire without any aei»anition 
flace ; if we then increase the vohime the substance exi^ands, again 

Beparation, and we have a gas. Th^ lit^tiid and gaseous states ar 
e mere 1 J the limiting members of a continuous series of posBibli 
nd are in nowise in fundamental opposition. 

relations are rendered very clear hj the diagram given hy 
rs for cai^bonic acid, the 
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ice with T^hich they 
iscovered. In the ac- 
lying figure the pres- 
in atmosphere f5, are 
on the upright and 
nines on the horizontal 
3ach curve corresponds 
tain temperature, noted 
de. The last curve on 
ght for carbonic acid, 
48' 1", presents the 
our of a gas j the vohime 
shes regularly with in- 
pressure. The next 
|k- 35^5° and 3 2' 5", 
Ptbe contmry between 
id aim. a more 

leorease of volume than 
ler parts, Inut still a 
e volume corresponds 
h pressm*e. At 31 ^1" 
ve the limiting case ; 

the curve ttvrns very [ 

' at about 75 atm,, ^^^.7. 
t the point of con- 

lexnre it runs for a moment horizontal ; the critical state has 
Bached, If the compression is carried out at a Jstill lower 
aturoj then the curve shows a break at the place where lique- 
begins, and remains horizontal, i.e. w^thollt the pressure 
ig, until after complete condensation a sharp turn upwards 
I J the curve then runs almost perfectly vertical in con- 
ce of the volume of the liquid formed scarcely changing with 
& of pressm-e. At still lower temperatures (13-1 ) the condensa- 
sgins earlier and ends later, so that the horizontal portion 
IS longer. 

s imw possible on the basis of these considerations to distin- 
igorously between gas and vapour; a gaseous body below its 
iperature is a vapour^ for it can be liquefied by pressui^e, 
G 
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j 

above this temperature it is a true gas, for it can no longer hy j 
pressure be reduced to the liquid state. From this we see at once 
why Natterer, in spite of the enormous pressures he applied, did not 
succeed in liquefying air and hydrogen ; the critical temperature of 
these substances lying far below ordinary temperatures. 

The first to busy himself in a comprehensive way with the task of 
liquefying the substances known as gases was Faraday (1823). He 
li([uefied carbonic acid, hydrochloric acid, sulphur dioxide, cyanogen, 
ammonia, and chlorine, by exposing them to considerable pressure at 
low temperatures. Thilorier (1835) showed how carbonic acid could 
be liquefied on the large scale, so that it became possible to use the 
li([uid substance, or better the solid mixed with ether, for the produc- 
tion of very low temperatures, down to - 100°. Faraday used this 
means in 1845 and obtained hydriodic acid, hydrobromic acid, sulphur 
dioxide, hydrogen sulphide, nitrous oxide, cyanogen, and ammonia, not 
only as liquids but as solids, while hydrochloric acid, hydrogen 
arsenide, ethylene, silicon fluoride, boron fluoride, and chlorine only 
assumed the liquid state. Hydrogen, oxygen, nitrogen, nitric oxide, 
carbon monoxide, and methane, on the other hand, showed no sign of 
liquefaction. 

Afterwards, when the work of Andrews made clear the decisive 
influence of temperature on the process of liquefaction, the method 
Avas of course indicated by which the still resisting gases might be . 
obtained as liquids. Pictet (1877) produced very low temperatures 
by cooling liquid carbon dioxide by means of sulphur dioxide boiling . 
in vacuo, the former in its turn being then allowed to evaporate 
rapidly in an exhausted space. Oxygen which was developed in a 
thick-walled iron retort by heating potassium chlorate, and compressed 
by its own pressure to several hundred atmospheres, assumed the 
liquid state at the temperature so obtained ( - 1 40°). 

(^lilletet simultaneously liquefied the "permanent" gases by using the 
work done on their sudden expansion for the purpose of cooling them. To 
calculate the corresponding changes of temperature we proceed from the 
adiabatic e«[uation (p. 74), 

As the etpiations 

and P.2V2 = i^To 

must hold for both the states of the gas given by the indices 1 and 2, we get 

p.v. T, 



But according to the adiabatic equation 




, whence 
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If w« put k » 1*41 for ttir, then for different initial pressures there is obtained 
the f<jllowinj< table, if we assume the initial temperature to be always 0'*,and 
the final pressure 1 atmosphere. 



Wo thuB reach very low temperatures by beginning with somewhat high 
initial pressures. Of course those given in the table are never quite attained, 
for thii gas, which must be in very small quantity on account of the great 
j)re8sure, is at once warmed by the walls containing it. Liquefaction under 
those circumstances is simply the production, at the instant the pressure is 
taken off, of a cloud which vanishes in a few moments. 

It was ronuirkod above that in certain cases liciuids at definite 
toniporatiires can exist under pressures smaller than the vapour 
pressure at those temperatures. Similarly, vapour may bo produced 
at pi-essures greater than the vapour pressure corresponding to the 
tenipomturo. Both phenomena are, however, only possible as long as 
no vapour is present in the liquid, and no li([uid is contained in the 
vajK)ur. As soon as the leiist particle of the substance in the other 
state is present, the seiMiration into liquid and vapour corresponding to 
oixiiuary circumstances takes place, and that all the more violently the 
further tlie usual limit has been exceeded. 

The first case may be most easily observed when drops of water 
are placed in heateil linseed oil. The temperature of the latter may 
Iks sometimes raised to 145*' before the formation of vapour takes 
place ; with dn)ps of water in mixtures of linseed and clove oil Dufour 
(1SG3) reached a temperature of 175'\ corresponding to a vapour 
prt»s8ure of 8 to 9 atm. 

The second case may be observed by cooling air saturated ynih 
aqueous vapour by expansion. In ordinary dusty air a cloud is at once 
formeil, as may easily be seen by wetting the interior of a gkss bulb, 
and then diminishing the pressiuH) of the air inside by suction. If the 
air hiis been previously rendered dust-free by filtration or long standing, 
the formation of a cloud no longer takes place for a small decrease of 
tem|>enituix\ These phenomena phiy an important part in the con- 
densation of atmospheric water va(K>ur and in the origin of thunder- 
storms. 

lii)th phenomena are examples of a general principle, according to 
which the sepantion of heterogeneous parts from a homogeneous mass 
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does not of iiecesBity follow immediately the conditions nre fulfiUw 
u ruler which the heterogeneous parts can exist. There is rather rcqmretl, 
boaides the presence of these conditions, a specinl impulse towards th« 
formation of a dissimilar portion^ an impnlse which may be, however, 
of very varied nature. Violent mechanical motion is in many casei 
sufficient to give such an impulse ; but the most certain, and in alJ 
cases sufficient cause is the presence of a quantity, no matter bow 
small^ of the substance which can seimrate out 

Such pheaoiiiciia have been mostly considered as being to a ttvmu 
extent unnatural, and the correspond itig states have received the namei of 
BUfverb eating anil uvercooling or supersatunition. They are nevertbelesa very 
4^oniman, a)id a])pear whenever, from a eubatance or mixture of substance? il 
a ho mogeueouF? state^ a part may separate out ; tlx us, for example, 
Holiils, or immiscjhlu liquids from liquids, or on the other hand liquids or 
ijolitls from gasea* The name ^* states of instability," which has aljso beea 
applied in such casca, equally nn&ui table. For the states are not reallr 
nnatabkj since they by no means pass into others on tlie smallest chnnge. 
'Phey niUBt rather be comimred to the stable equilibrium of a rather taltl 
cylinder standing on oue end ; the system is certainly stable^ but wben it; 
suflecs a somtjwhat large displacenient it easily assumes anotbtr s^tate whick 
is n I Itch more stable than the first. It must be admitted^ however, that beraj 
thei-e is no analogy to the special action exercised by a small quaiitity of tbtj 
helert>geneous substance in all the cases above mentioned. j 

The kinetie molecular theory by which we succeeded in explaining' 
the most essential propei ties of gases enaljles us here again to obtain, 
a clear idea of the jdienomena just described. It has been already, 
stated (p. 67) that we have reason to assume the presence of mutual' 
attraction l>etween the molecules of gases. This attmction adds 
to the extertial pressure on the gas and increases, according to van der 
Waals's assumption, inversely as the square of the volume. The smaller f 
therefore the volume becomes, the larger grows the " internal pressure'" I 
of the gas, and on sufficient approximation of the molecides this may 
reach and even surpass the pressure exercised by the gas towards tlie 
exterior by the kinetic energy of its molecules. The consequence is £t 
state in which no cxtonuil pressure is necessary to retain the vohune;^ 
the gas has liquefied. 1 

Whether this state will appear or not, evidently depends on diaj 
ratio Ijetween the internal pressure and the kinetic ener^^^ of thai 
molecules. If the latter is very large, i.e, if the temperature is higb^ 
no possible diminution of volume will produce an internal pressure to! 
balance the pressure due to the energy of the molecular motion ; tha! 
gas cannot be liquefied. The highest temperature at which tbia 
equilibrium of pressure may be instituted is the critical tempentture*! 
thily below^ this can the process of liquefaction take place. 

A liquid is thus a molecular system in which the average kined©] 
energy of a molecule can no longer overcome the internal pressursj 
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mmoii by the mutunl molecular atfcractioiis. B\u all the molecules do 
hot possess this mean kinetic energy (p. 65} ■ there are some with 
rmorc and some with less. The former coming to the surface of the 
Eqiiid may break through it and then move about in the fiee space 
dter tlie manner of gaseons molecules^ This is the process of 
evaporation. The number of molecules breaking through unit siu^face 
dqx^nds only on the temperature* If the space over the liquid is 
mlimited. the gaseous molecules will move away ; the liquid must thus 
gpt colder, as only the molecules with the greatest kinetic energy, Le, 
the highest temperature, Hy oft". If the temperature of the liquid be 
kept up by external heating, ail the molecules wiU soon aiisunie the 
giiseoua form ; the liquid vaporises completely at a rate depending 
on the relative number of molecules capable of breaking through the 
surface. 

K the space over the liquid is limited, the gaseous molecules re- 
bounding from the walls will soon fiy back ag-dinst the surface of the liquid 
itnd be reabsorbed by it. A condition of equilibrium will get in when 
ilie ntuuber of molecules sent out by the surface is equal to that taken 
itp. The former number depends only on the temperature, the latter 
00 the mimber and velocity of the gaseous molecules in unit volume. 
Tlieae two last together cause the pressure of the gaseous portion; 
tlie equilibrium will therefore take place w^hen the vapour over the 
liquid exerts a definite preasiu-e which is only a function of the 
temperature, and increases and decreases simultaneously with this. 

The application of the molecukr hypotlies^is is rendered nuidi more com- 
plete dian these rather qualitative considi^ratioiis by the use of the corrected 
gas equation of van der Waok (p. 67). We have 



If the equation is multiplied out and arranged according to powers of v, we 



It is now of the third degree with respect to and ha^, according to the 
Tilues of the constanti^» either three real roots, or one real and two imaginary. 
Tbit is^ for every value of p and T tliere are either one or three corr(?Hpond- 
ing volaraea. The firat ca&c evidently holds for the gaseous &tate where a 
definite volume exists for every valne of pressure and temperature. For 
titjiiii3€Tatures at which the substance can exist both as vapour and as liquid 
tliere are manifestly two volumes ; a third volume is not known. 

If we now construct curves from a series of corresponding values of 
IpciBure and volume by tabulating the former as ordinates and the latter as 
fctisase, we obtain such as are given in Fig. 8. If these are compared with 
curves obtained from actual experiment, for instance those drawn by 
Andrews for carbonic acid (p. 81), we find that below the critical tempera- 





86 



OCILCTES OF GOLKAL CHEMISTKT 



BOOKHI 



tnre, insteni of iikt loc^ smsiLvixs <Rirf« ABa/^^CD wlikk tbe formulA gives, 
the br«^^ line ABf^D is obseiTTe^ T!ie maissiit portkai in the 

middile does not lepi^sent the 

ITwhnne of a homogeneous 
subsbukce* bat that of a miitoie 
• of Taponr and liqmd« 

I The bRaks at B and C do 

I not» howeTer^ necessarily ap- 

pear. We have seen (pt 83) 
that a liquid may exist at a 
smaller pressure than its own 
Tapoor pressure. That means, 
the cQire mar be observed 
pn)kai^^ past C towards y. 
SimilarlT, vapoar can exist at 
a h^her fveasare than the 
vapour piessore ; the curve AB 
also can thns be prolonged 
towards a. This circnmstance 
makes it veiy probable that 
the true curve runs continu- 
ousIt, as in the diagram. As 
^ as we can judge, the third 
volume at y will never be 
dir>»cily observed. For on the 
portion yjSa the volume would 
increase with increasing pres- 
sure and diminish with de- 
creasing pressure ; we would 
have here to do with veritably 
unstable states whose realisa- 
tion seems hopeless. 
The formula admits of a j>articularly satisfactory application to the 
critical state. In this the volume of the liquid becomes equal to that 
of the vapour, and each is therefore equal to the inaccessible "third 
volume.'' The three roots of the equation ^p. 85} have therefore become 
equal. Now tbe value <^ of tbe three equal roots of an equation of the 

form v-^ - qv- + rv - s = is given by «^ = ^ ^2 ^ a^d = s. 

RT a ab 

We have thus 3<^ = b H , 3dr = and <f>^ = — , and if we denote the 

^ P P P 

special values which p and T assume in this case by rr and 6, we have 

tbe critical volume 




Fig. s. 



</> = 3b, 



the critical pressure 
tbe critical temperature 



TT = 



27b3' 



a 



These equations are very remarkable. The magnitudes a and b, whi^^ 
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were introduced as corrections into the gas equation, can be calculated from 
the curves on pp. 43-46 so as to represent the variations from the laws of 
Boyle and Gay-Lussac with sufficient approximation. Once they are got we 
caa determine from them the critical constants, pressure volume and tempera- 
ture, without making a single direct experiment. 

It was natural to test at once the applicability of this result Van der 
Waab showed that from Regnault's obseiTations on the compressibility of 
carbonic acid, the critical temperature 32*5" was obtained by calculation, 
while Andrews had directly determined it to be 31**. Such an agreement is 
indeed a very remarkable confirmation of the theory. 

In other cases also the like concordance has been foimd, and conversely 
▼here the critical constants have been directly determined, the variations 
. from the gas equation can be represented with tolerable completeness.* 

The methods for the experimental determination of the critical 
constants are as yet but little developed. The critical temperature 
may be measured most easily by sealing the liquid in a strong 
glass tube, which it fills to about two -thirds of its capacity, and 
heating slowly. As the temperature rises we see the meniscus which 
is the upper boundary of the liquid grow more and more flat 
and indistinct, until at the critical temperature it vanishes, and a 
peculiar undulating appearance, mostly in reddish-brown diflPraction 
colours, is seen in the interior of the tube. On cooling slowly there 
suddenly appears at one place of the seemingly empty tube when the 
critical temperature is reached, a coloured mist which quickly spreads 
through the whole space ; immediately thereafter it vanishes, and we 
see the liquid again in the lower part of the tube separated from the 
vapour-filled space above by a distinct meniscus. 

The measurement of the critical pressure and volume is much more 
difficult. For this purpose the liquid must be placed in a tube of 
somewhat small bore connected by means of mercury with a manometer 
which is best filled with nitrogen, as the compressibility of this gas has 
been very accurately determined by Amagat for high pressures. 

A few critical constants are collected in the following table — 








TT 


100000^ 


lOOOOa 


lOOOOb 


Ether .... 


190° C. 


36-9 


1733 


324 


57 


Carbon disulphide 


272° 


74-7 


1015 


219 


33 


Sulphur dioxide . 


155° 


78-9 


744 


123 


24 


Alcohol 


234° 


62-1 


1112 


236 


37 


Ethyl chloride . 


183° 


62-6 


1190 


227 


40 


Benzene 


281° 


49-5 


1534 


438 


51 


Acetone 


233° 


52-2 


1329 


273 


44 


Ethyl acetate 


240° 


42-6 


1654 


348 


55 


Chloroform . 


260° 


54-9 


1333 


287 


44 


Ethyl formiate . 


230° 


48-7 


1429 


304 


48 


Methyl acetate . 


230° 


57-6 


1198 


248 


39 


Diethylamine 


220° 


38-7 


1744 


355 


58 


Nitrous oxide 


36-4° 


37-1 


582 


74*2 


19-4 



CHAPTER III 



BOlLINO-POrNTS I 

The l>oiliiig-poiut of a Yolatile liquid is the temperature at which ii 
can form bubbles of Yapoiir, i.e. at ivbich its vapour pressure just 
begins to exceed the external pressure. This temperature is greativ 
dependent on the magnitudn of the external pressure, changing con- 
siderably— by whole degrees — in eonsequcnco of the atmospherii' 
vamtions. 

One presstu-e and the corresj-K^nding teffii)erature are not suttideDt 
for tbe complete dctermi nation of a liquid in respect of the pressure 
of its saturated vapom\ All li([nids, to be sure, have the propertj i 
that their vapour pressure incre^ise^i with rise of teraperatnre ; but to 
iuereaso differs frt>m case to case, and its general law has not yet been 
found. The attempts to discover it, however, may be shortly nolieecL 

Tlie first essay was m(wie by Balton (1801), He gave the rule tM 
Hqiiids having different boilin^f-point^ exhibit the game vapour pressursj at 
temperatures tL^moved Tiy the same number of degrees froiu their boiling- 
points. Water boils at 100°, ether at 35"*, ie, they each have iit tbe^e 
temperatures n vapour prujssiu'e of 76 cm. At 80", 20" below the boiling- 
point, water ha.H the vapour pressure 35 '6 cm. ; ether, at the eorreaponding 
teuiperatnre of 15", the pressure 3 5 "4 cm. Tiic numbers agree admiral^l^; 
Dalton, in fact, deduced his " law from the comparison of water and etber. 
Alcohol^ on the other liantl, which boils nt 78", liaa at 58° a preeaure d 
33 cm., which is considerably too low, and the same holds for most other 
Bubstancea 

Diihring'a rule, formed after Dalton'iJ, agrees much better with experi- 
ment. It conBistB in the niotlification of DaIton*s formula by the introduction 
of a factor depend iiig on the nature of the liquid. When we pass frotn 
teuiperatnres of e(pial pressure to otlier temperatures of equal pressnrej the 
differences of temperature are not equal, as they would be accoMini^ to 
DaltoE, but always proportional. In other words, Dalton'a rule would hoU 
if a special scale of temperature, proportional to the centigrade scale, were 
nsed for each liquid. If we take water as the liquid for comparison, 
Duhring's formula is 

t'=6? + q{t-100). 



i 1^ J 
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100 13 the l)oiling- point of water and & that of tlie liquid at 76 (.-m., t an 
C the boiling-point a at mj oth&r pressure, and q a fiktor which viirie% 
ftccoiiling tQ tlie nature of the li([uid, between '5 and 2^3. To calculate 

Me have ^l^f^TToO* ^^'^ nierely take the ratio of the difFeTences of the 

^MiLmg-|H:)tnt3 at anj two pressures, 

Biihrincfa formula also is not strictly aceiirato, although it natumllj" 
Byidds nmcli better approximation than Dal to n'?* Winkelmann (1880} 
Hgtves a fomiula in which the factor q is not constant but variable, inasmuch 
Bus it represents a function of tlie ratio between tlie tlieoretieal and the 
H HStually observed vapour density at tlxe pressure in question. The fornnda 
H as fftr as it has been teste<l agrees very well with experiment ; as it is not 
H without exceptions, however^ and is besides as yet without theoretical 
foundation, we may pass over its detailed development 

H (Ifineral formulse for vapour pressure have met with still less sue- 
H eess than those compaidug the vapour pi'cssm^es of different suhstjances 
H iritb each other. Countless proposals have been made in this direc- 
H ticvn, yet no general results have been obtained. The chief reason of 
H Mb is that the condition of the vapour has been considered deter- 
H Biiijative of the vapour pressure, wherea.s the vapour pressure is 
H mtlier to be looked upon as a function of the natiu'c of the liquid ; 
H ^iponrs can exist at greater and smaller pressures ; that a certain 
H definite pressure is assumed at a given temperature is caused by 

■ the presence of the liquid antl miraerically detenuined by its nature, 
H From the want of general relations in this field, chemistry has 
H had to content itself with setting up numerical relations of a limited 
H <^liiiracter* The first of these vraa given by Kopp (1842) in the form 

■ tbt equal differences of chemical composition in analogous 
H organic corapounda correspond to equal differences of their 
H 1^oiling-points» Every ethyl ether of an acid, for example, boils 19' 
H liigkr than the corresponding methyl ether, and the acid itself 45^ 
H higher, 

H This observation at once excited great interest and occasioned a coii- 
H eiilerable number of experiments which were undertake a for the end of 

■ ttstablishiug general laws, instead of the narrower relatiou^ given with due 
H resermtion by Kopp. These attempts all came to grief, and necessarily, for 
H tlieir authors considered the boiling-points as directly comparable magnitudes, 
H i^itliout inr|airing wliether, instead of the teinii^mtures of equal vaponr 
H pmure, the teuiperatitres of different vapour pressures, depending on the 
H i^atupe of the various substances, were perhaps to be compared. The whole 
H ^''Eeme of boiling-points for one pressure changes its form immediately we 
H pass t43 another pressure. 

■ Later research then has not brought us much further than Kopp's 
H rule given above ; indeed the application even of it has had in many 
H to suffer restrictions. Metameric substances, for instance, ought 
H % it to have the same boiling-point, but this is not exactly the case. It 
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has rather been found that the differences in the constitution of isomeric 
compounds with similar chemical function (differences unknown to 
Kopp when he published his principle) always determine differences in 
the boiling-point. Examples of such bodies are to be found in the 
primary, secondary, and tertiary alcohols and acids; the so-called 
position-isomers amongst the benzene derivatives, etc. It is true that 
here also the differences are probably of a regular nature, the primary 
alcohols boiling higher than the secondary, and these again higher thaa 
the tertiary ; or, in the other group, the para compounds usually higher 
than the ortho and meta compounds. These regularities, however, are 
of a somewhat limited character and admit of so many exceptions that 
they need here be only indicated. 

From the theory of van der Waals (p. 85) a remarkable light is shed on 
a point already raised, viz. whether boiling-points at the same pressure 
are comparable. If we put in the general equation 

+ (v-b) = RT 

instead of the pressures, volumes, and temperatures measured in the ordinary 
units, such as are expressed in fractions of their critical values, ifwe 
put p = €7r, v = n<^, and T = m^ and then substitute for tt, <^ and 6 the 
values given on p. 86, we obtain 

^c4-^) (3n-l) = 8m. 

In this equation everything dependent on the particular nature of the 
substance has vanished, so that it holds (like the gas equation for gases) 
uniformly for all substances. The equations of condition for all 
gaseous and liquid substances become the same when the pressure, 
volume, and temperature are expressed in terms of their critical 
values. 

One restriction, however, must be given at once. Van der Waals s 
formula is deduced only for the case where the volume of the substance is 
eight times as large as the magnitude b ; an assumption for the most part 
not valid for liquids under the ordinary conditions, their volume being 
smaller than this. We must not therefore look upon this general relation as 
necessary, although it may exist in fact. For vapours, on the other hand, 
it must exist. 

Van der Waals has actually shown, e.g, in the case of ether and sulphur 
dioxide, for which the critical constants are known, that at equal fractions 
of the critical temperatures the vapour pressures amount to equal fractions of 
the critical pressures. 

The formula is not in agreement with that of Duhring, but if 
substitute in the latter instead of the boiling-points at the same pressure 
those at the same fraction of the critical pressures, it passes into that of van 
der Waals. 



CHAPTER IV 



VOLUME RELATIONS OF LIQUIDS 

) express the relation between mass (or weight) and vohime we 
ually employ the specific gravity d, which is given by the equation 
w 

= -, where w is the weight and v the volume. The specific gravity 

thus the weight of unit volume. But the volume is variable both 
:h temperature and pressure, and the conception of specific gravity 
lonsequently with reference to a variable quantity of the substance 
isidered. 

For this reason we cannot use this magnitude and hope to get 
leral results connecting it with the elementary composition of the 
'erent substances. We rather employ the reciprocal of specific 

V 

.vity, viz. specific volume ^ = — which represents the volume of 

It weight, and since, in chemistry, not equal quantities but those in 
) proportion of the molecular weights are comparable, we multiply 
! specific volume by the molecular weight and thus get the molecular 

ume fi = m<^ = ^ = If we express the molecular weight in 

tms we get the molecular volume in cubic centimetres. As the 
Jcific gravity of substances is usually given, we use the last formula 

calculating the molecular volume, = ^• 

The expression " molecular volume " does not signify the " actual " space 
Upied by the molecule ; we are not yet in a position to have definite 
'ions as to this. The molecular volumes are such as contain under 
5 given conditions equal numbers of molecules of the compounds 
npared. 

The first regularities amongst molecular volumes were discovered 
' Kopp at the same time (1842) as he found the relations between 
e boiling-points. They admitted of expression in the same form : 
l^al differences in composition correspond to equal 



OUTLINES OF GEXERAL COEMISTRY 



cUfferctiees in molecuUir volume. Now the molecular volmn 
of the organic compounds^ which are here chiefly considered, m 
dependent largely on the temperature, iintl before any comimrisoji 
could be instituted it was neces^mry to decide at what temperature it 
should be made, Kopp soon found that far greater regularity was 
obtained by comparing the liqiuds at their boiling-points r»ither 
than at one and the same tempemturej say 0\ 

Kopp followed up his discovery of the above rule by a long scries 
of exceedingly careful esperi mental investigations, which served 
partially to confirm and extend his first observatiot)s, partially to 
restrict them. Generally speaking, the molecular volume at the 
l3oiling-point is an additive property; the molecular vobune of a 
compound is the sum of the molecular volumes of its components. It 
other tempenitures, relations of this kind are not so noticeable. 

In analogous compounds the molecular volume changes for 
every CH^ by 2 2 units on the average. This was proYcd for the 
hydrocarbons, alcohols, compountl ethers^ acids, aldehydes, antl ketones. 

Isomeric liquids have the same molecular volume, as was 
shown in particular by the comparison of isomeric compound ethers 
and acids. 

When two atoms of hydrogen are replaced by one atom of' 
oxygen the molecular volume is not materially altered 
This holds specially for the change of alcohols into acids. 

One atom of carbon and tw^o of hydrogen can replace each 
other without the molecular volume suffering any change 
This relation was verified exclusively by the comparison of fatty and 
aromatic compounds. ^ 

These rules at once lead to the idea of ascribing definite atomit? 
volumes to the elements carbon, hydrogen , and oxygen, of which all 
the compoimds mentioned above are composed, so that the moleculai 
volume of the compound may appear as the sum of these atomia 
volumes. This has proved to be not quite i>ossibIej however, th« 
deviations being too large. The property in question is thiis not 
piu-cly additive. Kopp showed how the different modes of combina- 
tion of oxygen stood in relation to these deviations. When the oxygen 
is clouhly linked to one carbon atom (car bony 1 oxygen) the moleculai 
volunie is larger than when it is singly linked to the carbon atoia 
(hydroxyl oxgen). If w^e thus ascribe different atomic volumes to 
oxygen according to its chemical function, the molecular volumes ol 
the compounds can be represented as the sum of the atomic volumes 
of their elements, with an error of at most i per cent. 

The numerical values of the atomic volumes are — 

CMhon 11 

Hydmgeu 6-5 

Carbonyl oxygen . .1£"2 

Hydraxyl oxygen . , 7 '8 
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^We get, e.g. for acetic acid, CHjjCO(OH) — 

O {carbmiyl) =12'2 
(hydroxy!) 

64-0 

[TTue observed value is 63*7, 

Kopp alio fixed the atomic volume of other elements as follows— 

Siilphiu' 22*6 

Clilorine .... 22'S 

Bramine . . . . . . . , . . 27'8 

Ipdine , . . * , , 37'6 

PhosplioruH .......... 25*4 

Silicon .32 

Arsenic . . , . 2S 

Antimony 33 

Tin .... 40 

Titanium 35 

^Ihe last iiuinl.>ers are rather uncertain, as they were derived from only 
(few compounds. 

Yeij different residts were obtained for nitrogen according to the 
iture of the compounds investigated no satisfactory ejq^lanation has 
given of this. The sulphm^ compounds also exhibited in many 
considerable deviations. These circumstances lead to the con- 
elusion that the influence exercised by the function of the element on 
Jta atomic volume is not only to be found in the case of oxygen, but 
terever the elements Jippear combined differently. 

Thus Eivff (1865) showed that imsaturated compounds have ahva^^s a 
80Diewhat larger molecular volume tlian that calculated froui Kopp's numhers, 
Tlie fliime result was afterward obtained by Schiff and Horatmann. TH* 
iiilkr also showed the great influence exercij^ed by the chemical constitutitjn 
iJi fliiotber dii'cction, viz. by the so-called " liug '^-formation. 

Schitf proviJLl in addition that isomeric compounds have not exactly equal 
rokular volumes. The&e usually differ in the mm^i that the isomer with 
Mgher hoiting-poiiit has also the greater molecular volume. It was seen 
aimultmieously, from the work of Btadel, that the isomeric chlorine and 
troidne deiivatives of ethane exhibit cousiderabb differenoes of moleenlar 
^olttaie. 

All these results point to the molecular volume being influenced in 
two different ways. On the one hand we have the summation of the 
iitomic volumes of the component elcmentSj so that the molecular 
volume is from this point of xiew an additive property. On the other 
tiand the mode of combination of the difl^erent elements causes a 
diiference in the amount of space occupied, perhaps in the space taken 
lip by the element itself under these conditions, but more probably in 
the vay the combined elements occupy space together. Properties 
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like this which depend on differences of chemical combination, or tb 
constitution of bodies, are called constitutive, and the molecuia 
volumes of liquid compounds must therefore be conceived as additive 
magnitudes subject to constitutive influence. 

Besides Kopp's mode of viewing the subject, other modes of representing 
the actual relations have been proposed by several investigators. As they 
have not, however, met with any general acceptance, like Kopp's, they need 
not be detailed here. 

I should only wish still to direct attention to two points. First, to tlie 
question of comparable temperatures. Horstmann has of late given up the 
comparison at the respective boiling-points, and recommended instead the 
comparison at any constant temperature. Kopp has rightly opposed this 
change on the ground that a number of regularities which imdoubtedly 
appear at the boiling-points must be abandoned. But the boiling-points also, 
according to the theory of van der Waals (p. 90), ought to be replaced by 
temperatures which are equal fractions of the critical temperatures. 

In reality such a mode of calculation would do away with several existing 
differences, as may be seen from the few data we possess. To carry this out 
generally, however, data as to critical temperatures are still mostly wanting. 

The general relations of molecular volume have thus been investigated, 
but nothing has been done to those of expansion by heat. A sufl&cient 
measiu-e of comparison for this is probably to be found in Mendelejeff's 
modulus of expansion (p. 78). It may be predicted that this magnitude 
will show regularities ; for such exist with respect to volume and are un- 
doubtedly not confined to the temperature of ebullition alone. 

In conclusion, van der Waals has applied the theory of corresponding 
states to the expansion of liquids, and arrived at the result that the values 
for different liquids between equal fractions of their critical temperatures are 
indeed very nearly equal 

All these researches might be greatly extended by the determination, 
the critical temperature for a large number of liquids. 
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REFRACTION IN LIQUIDS 

IGHT, as is well known, traverses different transparent substances 
y very different rates. The velocities may be easily ascertained 
y observing the path pursued by a ray which passes from one 
aedium into another at any angle. The law that the sine of the 
^ngle of incidence is in a constant ratio to the sine of the angle of 
efraction then obtains, and this ratio, called the index of refraction, is 
Lhat of the velocities of light in the two media. 

For the determination of the index of refraction of liquids we 
employ a hollow prism closed by parallel plates of glass and filled with 
the substance to be investigated. If we send through such a prism 
a parallel beam of light which has previously passed through a slit 
and a lens distant from this by its own focal length, and then search 
for the diverted image of the slit by means of a telescope focussed for 
infinity, turning meanwhile the prism so that the deviation is a 
minimum, then the angle of deviation d is related to the refractive 
angle of the prism a and the index of refraction n by the following 
formula, 

_ sin ^(a + d) 
sin Ja 

This is the customary method of determining the refractive index. 
Another much more convenient process is based on the phenomenon of total 

reflection — 

If i is the angle of incidence and r the angle of refraction, then ^^2-^ = n, 

sin r 

or sin i = n sin r. If light moves into an optically denser medium from a 
Ifss dense, n > I, and therefore i > r. For every value of i there is there- 
fore always a real value of r. But if light passes from a more into a less 
dense medium, n< I, and therefore r>i. In this case there cannot be a real 
value of r for every real value of i. If for instance n= '8, then for angles of 
incidence having sines < '8 there are possible angles of refraction ; for 
8mi = -8 we get sin r= I, and therefore r = 90°, i.e. the ray does not enter 
the second medium but moves parallel to the plane of separation. For larger 
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If we obsenre the deviation of a white raj of light hy a [ 
liquid^ ire obtain aa HEiml a apectnuiL, in coiiseqaeDce of the 
being diifereiitlj refracted. The Index of refiractaon muM therefore! 
measured for definite mya. The kinds of light tnostlv employed 
given in the foUowing table with their wave lengths in milliontbB of i 
raiUimetre— 

Lithium (mi) * , . , . 670^ 

Hydrogeo (red) 656*2 

Sodium (yellow) 585*5 and SSS-fl 

ThsUium (greea) . . , , . 534^5 

Hydros»n (groen) 4S6"0 

Hydrogieii {Tiolet) . . . . lai O 

The index of refraction of ii given liquid is dependent on t! 
temperature as well as on the kind of lights usually decreasing mil 
rise of temperature. It varies also when the specific volume of th 
liquid is changed by alteration of the external pre^siu-e. We mmt 
therefore ask if there ia no function of the index of refraction wliici 
represents the influence of the substance on the speed of lights iit 
dependent of the volume which that substance occupies. 

Several such formulae have been proposedj but the problem baa 
not been completely solved by any one of them. First of all NewtoOj 
from his emissive theory of light, gave the expression {n- - 1}^ 

where ^ is the specific volume (or the equivalent one — , whef< 

d is the density). This formula lost all theoretical basis on the viciOTf 
of the unduktory theory. That it was, moreover, empiricjilly untenabl 
was proved by Gladstone and Dale {1658), who also showed at the sami 

time that the similarly formed but simpler function (n - 1)0 or 

remained much more constant mth the temperature, and was therefoi 
to be considered the real measure of the refractive power. 

When this formula was tested by Landolt and others, it proved nol 
to give quite constant values, although the approximation was tolerabl 
good. No theorctic^il fountlation for it was proposed. 

A new formula met a short time ago with a favourable receptioi 
es]>ecially on account of its validity in a case which was in conflii 
with tho previous formuloe. It was deduced theoretically by twi 
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dependent pHyfiicists, L. Lorenz and H. Lorent^, from cUrterent as- 

imptions which need not be here Bpecifiedj und has the form ^r^*/*- 

he values calculated from it are very constant both for the liquid and 
i^eoiis states. 

few numbers are collected in the following table — 



Ethyl etlier . 
Ethyl alcohol 
Water . 
Cklorofonii . 
Ethyl iodide 
Ethyl acetate 
CArhon diaulpiiide 



Lhjntd (wr). 

mm 
£061 
•1791 
'1558 
•2549 
'2809 



'3068 
*2825 

■I7fi6 
■1571 
•2633 
'280S 



In spite of the enormous change of density the agreement is excel- 
ent. The older formula (n - l)cfi is in this case inapplicable, giving 
inuch more divergent numbers. 

In other ease?, however, tlie older formida is superior to the new one. If 
the density of the liquid k altered by preeaui'e and the refractive indices 
then determined, the expression (n- 1)<^ appears nuich mort constant than 
tt^-1 

^ The same holds for alteration of density by temperature and for 

the case of mixtures. 

If there is a value r for the optical properties which is independent of 

tile physical state of the substance, the value r of mixture must evidently 

k ei|ual to the smn of the values of the componentff. If we Imve therefore 

i n- - 1 

two gubstances whose optical properties, (si - 1)^ or — -<fi^ ara equal to r^ 

|tod Tg, and mix m^^ parts of the former with of the latter, then 
mjr^ + m^r^ (m^ + m.2)r, 
m. m.. 



+ ni^ * ni^ + m^ - 

Tliis relation, as Landolt and Wiillner liave shown, is fulfilled with close 
iipproximation by the f miction r==(n- 1);^. The divergence with the new 
fommk h jaiostly larger. 

While the latter therefore gives constant value&j notwithstanding the 
pat change in the piissage from the liquid to the gaseous state, where the 
Mitt one fails, yet it yields worse results for the relatively slight alterations 
Cttosed by pressure, temperature, and mixing. 

It consequently reniaijis uncertain to which of the formula; the preference 
sbtdd be given for our purpose. However^ this ia at present of little 
iii^ixjrtance, a^ the general relations are exhibited in quite the same form by 
^^if only with different numerical values. The old fornuda has simplicity 
to ttj^ommend it, but the theoretical one lia^^ l>een almost exclufiively used 
^ rfecent years. Both will be employed in what follows. 
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When the refractive conetant of a mixture had been shown to 
the sum of thoag of the component gj each multiplied hy the proport« 
of the siibstance in the mixture, the question was not long in beii 
liskcil^ if such a relatioti did not also exist for chemical compound 
Landolt (1864), who iir^t raised this question, came to the concilia^ 
that the eons tan t of a chemical compound was the sum of the cd 
responding values of itfi elements. If m is the molecular weight a 

n^-1 

the compound and r its refractive constant, whether (n - or 

and if the constants of the elements are r^, Tj,, etc, aod their atomii 
weights mp m^^ mg, etc., then the relation 

mr = n^m^rj ^ n^mgr^ + n^mgrg + . < . 

will hold, n^, n^, etc., 1>eing the number of atoms of the respectfT* 
elements in the compound. 

The quantities m^r^, * - ^ called the atomic refractive 

powers of the elements ; mr is the molecular refractive power of the 
compound, which is therefore equal to the sum of the atomic refractive 
powers of the elements. This proposition, like the similar one for 
molecular voliunes, only holds under certain restrictions. 

First we have the question of the wave length, to which measure 
ments are to be referred. The dispersion is very different for different 
substances, and we therefore get results which vary considerably 
according as the light used is of greater or less wave lengths Schrauf 
{1862) proi>osed to use instead of any definite wave length the conataBt 

EC 

A of 'the dispersion formula of Cauchy n ^ A + ^ + -^4 + - ^ where X 

is the wave length, and in which for A = the index of refractiof 
n = A, and the proposal was in many cases accepted. It seeme< 
indeed rational to reckon with the index of refraction for infinitelj 
long waves instead of that for any definite wave length. But it 
turned out that the formula by no means satisfactorily represented tb< 
dispersion j according to the observations employed, different valuei 
were obtained for A, and it has been made proliable of late, particular!; 
by measurements in the infra-red spectrum, that there is no limitii^ 
value of the index of refraction towards which it converges, Tb 
employment of a definite ray has therefore again come into practio< 
the values being mostly made referable to the red hydrogen line d 
wave length 656'2. 

Eesearches have been mostly made on organic compounds t4 
obtain relations amongst the optical properties, Landolt havii^ 
discovered the law that refraction is an additive property with sucl 
bodies. In the same domain Briihl (1880) discovered the restrictiaa 
under which the law holds. 

Gladstone had already drawn attention to the fact that manj 
compounds, especially those of the aromatic series^ did not obey tb 
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law of Landolt. On more particular investigation, Briihl found that 
tMs is the case with all compounds in the molecules of which modern 
chemistry assumes the presence of doubly linked carbon atoms. 
Such substances always possess greater molecular refractive power than 
that calculated from the atoms, and thus the law of Landolt has to be 
extended in the same way as Kopp's law for molecular volumes. 
Together with the additive summation we have the constitutive 
influence, so that the elements contribute differently to the molecular 
refraction according to the function which they exercise in their - 
jompounds. 

This was first investigated in detail for carbon, but other measure- 
ments show that it holds for oxygen, nitrogen, sulphur, etc., which have 
varying valency and modes of combination. The following table is 



given by Briihl — 

Carbon 2-48 

Hydrogen 1 "04 

Hydroxyl oxygen 1 '58 

Carbonyl oxygen 2*34 

Chlorine 6-02 

Bromine 8*95 

Iodine 13-99 

Nitrogen (single bond) 3 '02 

Double linking of carbon 1*78 

Triple linking of carbon 2*18 



The two last values signify that two double -linked carbon atoms 
do not possess the atomic refraction 2 x 2*48 = 4*96, but rather 
^'96 + 1*78 = 6*74 ; in the same way two triple -linked carbon atoms 
have the refraction equivalent 4*96 + 2*18 = 7*14. 

With the help of these constants (which are given with reference to 
n^ - 1 

the formula ^ ^ </> and the a hydrogen line) we get molecular 

refractive powers of compounds which agree very well with those 
observed. The considerable and very constant influence of double 
ttng has proved several times to be of use in the discussion of 
questions of constitution. For instance Briihl has pointed out that 
^^ccording to this mode of reckoning, the molecule of benzene has three 
pairs of double bonds, as Kekul^ s formula assumes, but this conclusion 
kas met with some opposition. 

We should not assume that the differences between measurement and 
calculation which still remain are due entirely to errors of observation. In 
fact it appears from the very extensive material now accumulated that such 
^erences have an actual existence. They are caused in part by our present 
ability to take dispersion into account, substances with strong dispersion 
yielding quite regularly a greater molecular refraction than that calculated 
from the preceding constants. But substances also which have no great, 
^persive power exhibit similar small deviations, so that the conclusion we 
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uli*eaclj tmitie to, that constitutive influences are alwajs eifecting slight alte 
tiona on the additive icheme of the refractive constants, holds in the nii 
geneml maaner. The determination of tlie nature mid amount of tlit 
influences atiil remains the task of the future^ 

The above constants may j>artljr tested hy calculating the atomi 
refractions from the refractive indices and densities of the free eleraenti 
Thus from the values for gaseous hydrogen and chlorine we get tli^ 
refractions H = 1 *05 and 01 — 5*78, which agree very well with thosi 
obtained from the compounds. 

The inorj^mic compounds have been much leas thoroughly investi. 
gated than the organic. We owe almost all we know of this subject tt> 
the work of Gladstone. Here also we find a general additive kw, 
though it is tlistinctly modified by constitutive influences. For instan!^ 
the molecular refraction of free acids difters from that of their potassiui 
salts by numbet a which are very nearly equal in the case of all strong 
acids ; and this, likewise, is the case for weak acids, the differences k 
the two groups being however unequal Similarly, when a metal cm 
form several senes of salts it appears to have a different atomic refrw> 
tion in each series. 

The determiuatioES of the refractive power of such snbstance^i arc in 
general executed on their aqneous solutions. If these conaiat of p nioleculiiS 
of water to one molecule of aaltj then we have the relation (p. 97) 

(1 8p + m)r = 1 8pi'„ + m E, 

where 19 is the molecalar weight of water, nt that of the salt ; r^ r^j, and 1 

the refractive confitants ^either (n - 1)^ or ^f^^ <^ ^ of the solution, il 
watePj and the salt For the molecular refraction of the salt we thus have 

mE =^ (1 Sp + m)r - 1 8pr„ , 
By special esperiments Gladstone convinced himself that, whether 
molecular refraction is determined from the solid j^alt (he used pritsins of roci 
salt) or from solutions, the result is the same. 
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ROTATION OF THE PLANE OF POLARISATION 

ability of certain liquid substances to rotate the plane of polari- 
n of light is of an entirely constitutive character. It is a proi>erty 
saed by relatively few bodies, which are all, as far as we know, 
inch of carbon, and in these it accnrs only in connection with 
quite definite circumstances, as we shall see below, 
■ angle through which the plane of polariaation is rotated by 
liquids m dependent on their nature as well as on the wave length of 
the polarised light. It is proportional to the thickness of the layer of 
liqTiid passed through, and varies with the temperature, 

Tlie angle through which polarised light of definite w^ave length 
ia turned w^hen it passes through a layer whose thickness is inversely 
ortional to the specific gravity of the lii]nid is called the specific 
tory power of that liquid. It is denoted by [a] and we have the 



where a is tbe observed angle, 1 the thickness of the layer, and d the 
^msitv of the liquid The decimetre is usually employed as the unit 
of len^h. If we multiply this value by tha molectdar weight m, then 
in[a] represents the molecular rotation. As the numbers are very 
^rge, the hundredth part of this value is usually taken^ so that the 



Ju&lecular rotation [m] ^ 



ma 

foaid' 



If m are working with eolutions or raixturesi, we may, by making the 
*^ptioE (in moat eases incorrect) that the eoh ent has no influence on the 
'^t4)rj power, likewise deter mine the specific and molecular rotatory power 

Ibe subatance dissolved. If there are p grams dissolved in v e. cm. then 

g^t tlie specific and molecular rotations 
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If tlie composition of the solution ta given hy weight, so 
grami tubfltunce in tOO g. solution, aud if, further, d be gpeciBe grari^ 

flolution, its volume i* ^ that tha expressions aa«urae the form 

1 being agftin usually given in decimetres 

The determiuation of the rotatory power ia mostly made 
definite sort of light, almoist without excei^tiou for the yellow ^ 
tlie aodiiim flame ; the corresponding values are deuoted by [a 
[ni]ij, the nodium line cori-eaponding to the line D in the solar sp^ 

The instniments used in making such measurements can) 
described here in detiiib They all consist of two polarisers b* 
w*hich is placed the liquid enclosed in a glass tnbe shut at the 4 
parallel glass plates. If the polarisers are first brought into a i 
relative jjositionj aay at right angles so that no light passes tb 
on bringing the tube between them we must turn one of the pol 
through a certain angle to regain the same condition. The di 
apparatus vary only in the arrangements for identifying and m 
a certain relative position of the polarisers. The angle through 
the polariser must be turned is the angle denoted above by a* 
stances arc called dextrorotatory w^hen the polariser next the & 
^'analyser'") must be turned in the direction of the hands of « 
to restore the previous conditioUj Isevorotatory when in the o 
direction, 

Whilat with liquid suhstancea the measurement is i>erfectly 
considerable difficulties are encountered -with substances ivhich mx 
be dissolved in a suitable liquid. The rotation of tlie plane of pola 
is a property which shows the most extreme sensibility to external inf 
so that (piite different values of the specific rotatory power are obtd 
one and the same substance when it is measured in different solvents 
in differently concentrated solutions witli the same solvent. 

This eircumstfince is at the bottom of our inability to ft 
undoubted general relations between the molecular rotation am 
properties. The theoretical poitit around w^hich these phenoraei 
lies rather in the question, through what circumstances do these 
obtain their optical activity at all. 

The cause of the same property in certiiin crystalline 
, recognised with great probability in a quite definite arrangei 
their ultimate particles. Keusch (1869) fir^t established the fs 
an optically active body could be artificially made by piling a 
of plates of mica together so that the optical axis of eiich was 
through a definite angle with respect to that of the preceding 
A similar spiral arrangement of the smallest particlei> ia to be a 
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the case of quartz and other optically active crystals, and this 
^umption is borne out very completely by their crystallographic 
roper ties. 

The molecules of liquids cannot be so arranged, since they are iH^^ 
tmtiniml movement. Any spiral Btructnre mustj therefore, be inside 
the molecules themselves. This is supported by an experiment of 
'ot\ according to which the vapours of optically active aubstances 
1 continue to rotate the j>lane of polarisation. 
Now Le Bel and van't HofF showed almost simultaneously (1874) 
that all optically active substances that could rotate the plane o£^ 
polarisation in the noncrystalline state contained an '^asymmetric"™ 
tarlK>n atom, i.e. one whose four valencies were satisfied by four atoms 
or radicals of different kinds. If we imagine the four valencies at the 
mmmits of a tetrahedron, we can arrange the four diflPerent radicals on 
tiem in two ways, producing forms which can in nowise be superposed* 
If these four radicals be denoted by a, b, c, d, and if the tctrahedi-a 
h imagined resting with one face on the plane of the paper, we have 
tte following symmetrical but not super posable figures — 



I 





If the two tetrahedra are so placed that the radical d is at the 
apes, the order abc is in one case clockwise ^ in the other counter- 
clockwise. 

Whatever we may think of the assumption of the tetrahcdral 
■irraageinent of the valencies — an assumption which has of late proved 
ytiy useful in another field — the fact is at least very remarkable, 
that hitherto no optically active substance has been dis- 
covered which does not, in the above sense, possess an 
Asymmetric carbon atom. 

It ia true, on the other hand, that very many substances are known 
which contain asymmetric carbon atoms yet do not rotate tlte plane of 
p&laiisation. This eircuni stance, however, finds a plausible explanation from 
Ibe same theory. If a substance containing asyinnietric carbon atoms is 
litoduced in a reaction j there will in general be fonned as many molecules 
with dextrorotatory as with leevorotatory carbon groups. We therefore get 
a laiiture in which the one rotation just counterbalances the other, so that 

substance will on the whole appear optically inactive. Only when the 
two opposite porttona are separated are we in a position to observe their 
optical activity. 
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According to the theoiy, therefore, every compound with an asyni 
metric carbon atom ought to exist m two distinct forms, one of wMi 
should rotate the plane of polarisation as much in the one sense as tW 
other shoidd in the opposite sense. 

Such a relation has in fact already been found in many casBs. 
It was first discovered by Pasteur {184S) with the t^irtaric acids; 
the same was afterwards observed with malic acid, mandelic acid, and 
other substances, so that it is highly probable that the relation holdi 
generally. Accordingly, it must not be conceived as a peculiar 
property of a substance that it is dextro or lievo-rotatory, but rather 
there must exist for every optically active substance a dextrorotatory 
m well as a kevorotatory modification. 

8uch optically opposed forms only difier in their optical and 
crystallographic properties ; their whole chemical behaviour is identical 
in the minutest particular. Only when they react with other also 
optically active substances can they form compounds with dift'erent 
properties. Equal quantities of both forms, however, when mixed 
often form actual compounds with each other, and these naturaJlj 
behave differently from their components. 

Ordinary dextrotartaric acid, for instance, has precisely the same 
properties as l^votartaric acid; but the compound of both whieli 
crystallises from their laixed solutions on evaporation — racemic acid 
— has quite a different character. The first named crystallisa 
anhydi^ous, the last hydrated ; the simple acids do not precipitate a 
solution of calcium sulphate, the compound acid does, and so fortli. 
Yet it should be emphasised that such differences only occur with 
solid compounds ; racemic acid behaves in solution like a mixtui'cof 
the two components. 

In this respect the hypothesis of Le Bel and van^t Hoff is thus in 
the best accordance with known facts. But other circumstances loo, 
observed with the tartaric acids, find a sufficient explanation from the 
hypothesis. 

Along with the two active tartaric acids and racemic acid thera 
exists a fourth acid of the same composition which is optically inactive 
like racemic acid, but cannot like this be split up into the dextix) 
l^evo-acids. It also possesses different chemical properties from racemie 
acid. 

To interpret this fact from the standpoint of the theory we must 
remember that tartaric acid, corresponding to the formula 

has two perfectly similar asymmetric carbon atoms. These may be s<>1 
constituted that the ray of light is rotated by both in the sanje seiist\ f 
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either clockwise or the opposite; this would be the constitution of 
dextro and laevo-tartaric acids. But on the other hand there may be 
united with each other two asymmetric carbon atoms with opposite 
action on the polarised ray. Then, as the constitution of the two 
asymmetric groups is in this, case identical, there will be complete 
compensation within the molecule itself — the substance is optically 
inactive and cannot be split up into active components. 

Accordingly, such inactive forms can only occur with substances which 
have an even number of asymmetric carbon atoms similarly constituted in 
pairs. Experience in this case also has never been in direct contradiction to 
the theory, for although some observations seem to point to exceptions, yet 
these have not been sufficiently investigated. 

A group of phenomena closely related to the preceding is the 
magnetic rotation of the plane of polarisation, discovered by 
Faraday in 1846. Transparent substances brought into a magnetic 
field or into the interior of a coil of wire conducting an electric 
current, acquire the power of rotating the plane of polarised light, and 
retain this as long as the magnetic or electro-magnetic action lasts. 
The angle of rotation is proportional to the intensity of the 
magnetic field, to the thickness of the layer of substance through 
which the light has to pass, and is further dependent on the nature 
<^ the substance and the temperature. 

The investigation of this subject was first carried out from the 
physical standpoint. Perkin (1882), to whom we owe almost all our 
knowledge of it, first considered the matter with reference to chemical 
composition. 

The ratio of the rotations effected in the same magnetic field by 
the substance in question and by water he calls the specific rotation, 
the lengths of the two columns of liquid being inversely proportional 
to their densities. If w be the angle of rotation for a column of the 
length 1 of the substance whose density is d, and if wq, 1q, and d^ be 
the corresponding numbers for water at the same temperature, then 

the specific rotation r = ^^^^^. The molecular rotation is the ratio of 

0),ld 

the rotations of molecular quantities, and is 
_ Mo)lodo _M 
^~18o)^ld""l8^' 

^here M is the molecular weight of the substance, 18 being that of 
^ater. The molecular rotation of water is consequently equal to 
\ unity. 

From a comparison of the molecular rotations of different sub- 
^nces, an additive character in this property was only seen in homo- 
kgous series ; every addition of CHg in such corresponds to an increase 

1'023 units. This value remains the same for all series. The 
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molecular rotation can thus be represented by C + nl'023, where n is 
the number of CHg-groups and C is a constant having a special value 
for each homologous series. These constants are purely constitutive; 
they are different for normal and iso-hydrocarbons, normal and iso^ 
alcohols and acids. The formulae too only hold for such compounds as 
possess at least one methylene, CHg ; for instance the constant *393 of 
the normal fatty acids does not apply to formic acid, HCOOH and 
acetic acid, CHg. COOH, in which CHg is not contained. 

The magnetic rotatory power has, in virtue of these relations, j 
already proved useful in determining whether a certain substance I 
belongs to this or that group of compounds. General relations 
between the constants and the constitution of the compounds have 
not yet been discovered. 



The surface which liqmda expose to " free " space, Le. space filled with. 
own vapours or with other gases, is of a different character from 
lie interior. Whereas every particle has freedom of motion ill the 
nteriorj a particle lying at the surface can only move in the direction 
the liquid ; considerable forces oppose its motion out of the Kquid. 
f e can easily conceive that this must be so. In the interior of the 
Ainid every particle is equally attracted on all .sides, and cir.n therefore 
\ as if no force acted ui>on it. But if it lies on the surface, the 
[action of the adjacent particles^ enclosed by a hemisphere whoso radium 
N tbe distance at which the molecular forces can still act, has a 
I TiiBnltant at right angles to the surface. 

The foi'ce brought about in this fashion is very gi^eat. It can be 
I measured in the way indicated by Stefan (1886). If we imagine a 
' particle moving from the 

intenar of a liquid to- ^^""-^ 
warda the surface, half / \ 

molecukr attraction / \ 

I \m% be overcome before 
tie surface is reached^ 
I M we Alt once see from ^^^^E 
IL If now the ' 

p&rticle pursue its course ^ 

further into the space 

above the hquid, it gets , 

fimUy altogether out of 
the sphere of attraction 

of the latter — becomes a particle of vapour. To bring a liquid 
pa-rticle into the surface requires therefore half tbe work 
necessary to transform it into vapour. But this work is 
^owti; it is the heat of vaporisation of the liquid. 

To atrive at a conception of the magnitude of the forces here in plaj we 
tuBke an approximate calculation. If v is the volume of Ig of the 
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liqniiK A its hmt of vaporieation, tlie (unknown) surface pressure witha 
the liquid and Pj the vapour pi-esmire, th^ work necessary to bring 
particles iiitn tlie Burfaca is (p^ - Pi)v, if v may be taken as constant for 
tirst approximation* We have rotiH(?queutly, according to tlie above, 

(p,,-Pj)v-1a. 

For ether at ita boiling-point, for example, v = 1 *37, p^ = 1 atni., A = 86 cal 
To piUiS from thermal to nieehanicnl measure we must multiply the 86 hf 
42355; if we divide simultaneously by 1033 to get tbe i^resfui-e in atmcK 
spheres it fuHawfi, since Pj = 1, that the surface pressuiie p^^ 1284 atm. 

An we see, we h^ive here to do with very large pressures in the interior 
of the liquid. Of course they are not experienced hy immersed bodie% 
because a liquid surface is formed on these also, tbe pressure being directed, 
away from the b*)dy into tbe liquid, 

A snmll portion of such pressures acts in the surface of the licfuiA 
For, if the surface of the liquid be iucreaBedj we must bring a certain 
number of internal particles into the super fieial layer, and so perfom 
work* Conversclyj there wHll always be in a liquid the tendency for 
m nmny molecules as possible to jmss into the interior of the liquid 
con sequent on the molecular attraction , whereby the surface is lessened. 
The surfaces of liquids behave, therefore, as if under the action of a 
contractile force within them, which strives to reduce them to tha 
sm III lest possible area. 

This conception of the phenomena, deduced from the forces just 
considered as consequences of a surface tension of liquids, is dufl tfl 
Young (1804), and has proved extremely serviceable. We cauj without 
having to overcome any other than mathematical ditficulties, deduce 
theoretically all the corresponding phenomena, usually ailled capillary, 
from the principle that liquids, in consequence of this tension, strive 
to form the smallest surface compatible with the given conditions 

The difficulties of calculation are, How- 
'^-'1 ever, even in apparently simple cases, 

more than ordinary magnitude. 

The surface tension y is e^^ual to tha 
force w^hich acts on 1 cm. of the boiuKlar 
line at the surface. The work of forming 
1 sq. cm. of surface is numerically equal 
_ , to this. 

To measure the surface tension w( 
almost ahvays make use of solid wal 
r_.-r^ which are wetted by the liquid, i 
walls on which a layer of the liquid wil 
spread If (Fig. 12) such a wall hi 
dipped perpendicularly into the liqiii 
the whole surface abc will strive to become less and vvill assumi 
the form a/3c* A state of equililn'ium will he reached when th 
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jveight P of the liquid raised along the wall is equal to the surface 

tension yl, where 1 is the length of the line of contact. From P = yl 

, P 
we get y = 

If the wall has a cylindrical form, i.e. if we have to do with a 
tube, 1 is in this case equal to 27rr if the circular section has the radius 
r, and the elevating force will be 27rry. The weight raised is, on the 
other hand, P = Trr^hs, h being the height, Trr^ the section (Trr^h conse- 
quently the volume), and s the specific gravity of the column of liquid. 

It follows that 27rry = irr^hs or y = |hrs and ^ = ^ * The capillary 

height is therefore inversely proportional to the diameter of the tube, 
and the surface-tension is equal to half the product of the height, the 
radius of the tube, and the specific gravity of the liquid. 

Another method of measuring surface tension consists in determining the 
weight of the drops of liquid supported by a given circumference. If P is 
the weight of the largest drop that can hang from a horizontal plane surface 

P 

of circular form, and having the radius r, then P = 27rry and y = ^^j^' The 

difficulty of the method lies in the drop not separating as a whole from the 
surface when it falls off, but always leaving a more or less considerable 
portion behind. We should weigh the hanging, not the detached drop. 

Another method, in principle the same, is to bring a disc of known size 
into contact with the liquid and then determine the weight necessary just to 
separate the disc from the liquid. Here again we have the equation P = 
2Try, where 27rr is the circumference of the disc, supposed circular. 

It is assumed in all these calculations that the solid can be to this extent 
considered a part of the liquid, that it is in the neighbourhood of the line of 
contact completely overspread with the liquid, the latter meeting it with 
continuous curvature. It was first shown by Gauss that the liquid could 
also meet the solid at a finite angle a. The force then exercised by the 
surfEice tension is smaller and, as a simple geometrical consideration shows, 
W[ual to y cos a, where a is the angle between the normal to the solid and 
that to the last particle of liquid at the line of contact. If the liquid wets 
the solid wall this angle seems always to vanish, but measurements of its 
exact size are difficult to make. 

The surface tension y depends on the nature and on the tempera- 
ture of the liquid. It is very nearly proportional to the temperature, 
80 that in general the surface tension yt at the temperature t can be 
given by an expression of the form yt = yo(l - at). According to this 
equation there must be a temperature at which yt = 0. Frankenheim 
(1841) pointed out that this temperature probably coincided with the 
critical point. On the basis of the above considerations regarding the 
relation between the latent heat of vapours and surface tension the 
8*ine conclusion is arrived at, for at the critical temperature, when 
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liquid and vajKiur Ijeconie identical, there is no latent heat of vaporisi 
tion and conaet^uently no stu-face tension. 

lieseai^clies on the connftctioii between surface tension and eheraid 
constitution were first made hy MendelejeJf (186G), but these yieldw 
no general rosnlt. fScliift^ in 1884 took tbe subject in hand amj 
determined, in the fii'st place, the surface tension of sixty organic com-, 
pounds at their respective boiliiig-pointB, thinking to obtain mm 
general relations from this choice of temperature. He fiu-ther intra 
tluced a new constant, the number of molecules elevated aboTe the 
external sui'face. As the surface tension y is equal to the weiglit 
raised p for unit length of the line of contact, then, if m he the 

molecular weight, ^ =^ is proportional to the number of molecuJei 

raised. Schiff multiplies this magnitude ^ — K by 1000 in ord^f 

to obtain convenient numbers. The value of N proved to be the 
same for isomeric organic substances. It also remained unchianged 
when two hydrogen atoms in a compound were substituted for I 
carbon atom, and conversely. Again, three h^^drogen atoms and onfl 
oxygen atom, seven hydrogen atoms and one chlorine atom, are in to 
respect equivalent. It is thus possible to express the composition of 
every compound by a corresponding multiple of hydrogen, and we 
find that compounds with the same sum of hydrogen equivalents iiJivft 
equal values for N. If we denote these sums by n, the following 
empirical eqiiation between N and n holds good — 

log N = 2*8155 - ^00728n - log m 

For instance, in the case of propyl chloride j C^H^Cl, the number n ia 
equal to 3 x 2 7 x 1 + 1 x 7 = 20 j calculation gives K = 23"4, whilfl 
the observed result is 23*8. The agreement is much the same in 
other cases. 

With reference to the surface tension of salt solntiona it Diay be observel 
that it varies very neiirlj proportionally to the quantity of salt pi-esent 
Solutions of organic substances have a smaller surface tension than that ct 
the solvent (water) alone j the difference is usually considerable, and increi^ 
very rapidly as the subatances contain moi-e and more carbon. 

To give a few numerical examples, the sui^face tension of water in 
the neighbourhood of 0' is y - 'OSS (cm. g.) in gi^avitation unit% 
Le. for a contact line 1 cm. long 088 g. water is raised. For mercm; 

2y 

-y = ^585. As the capillary elevation h = water in a tube of 1 

mm. radius rises to the height of 1*76 cm., r being 1 and s = 1. 
Calculating in the same way for merciuy, sp. gr. = 13 59, we get 
•861, but we have yet to take into account that the angle a m thii 
case is finite, having a value of about 1 SO"", so that, multiplying by thi 
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3sine of this angle, we obtain a value - '55, Le, the mercury in the 
□be is depressed '55 cm. below the level of that in a communicating 
'essel of large surface. 

These data can be used to make an approximate calculation of the size 
>f the molecules. The number y = '088 also measures the work necessary 
o produce 1 sq. cm. of water surface. On the other hand, the work 
requisite to bring the molecules of 1 g. water into the surface is equal to 
1^ the latent heat of water vapour (p. 107), which at 0° is about 600 cal. 
rhe half of this number multiplied by the mechanical equivalent of heat 
12355 gives the work of 127 x 10^ g. cm., which we are seeking. But 
<o form 1 sq. cm of surface we only require '088 g. cm., consequently we 
5an make from 1 g. water 1*44 x 10^ sq. cm. of surface and the thickness of 
hiB layer, to be put equal to the diameter of a molecule of water, is accordingly 
7 X 10~^ cm. This is of the same order of magnitude as the diameter 
alculated on p. 66. 





PmUf U, mhm iIm; pcftieW of die 
Tlw imMdiaH *A tn^mid frktim if » efail to the i 
tir/i Mtffusci 1 cnm, m iii^ pae^lel m <w aaoliir ao lu* in i 
i« llMir ill«taiiee f joni each oCber sraavnfii to. For ocdinazy 
f ilM of ij ti VCff imaU, for «rat^ at medinK tespmttu^ it i§ 
|l|0ft dMn 'Ot ] (efn. i.) In absolute oniU, alioiit -0QQO13 in grari 
llflfU 

Tli*j ifil4!*rfia) friction of liqaidi is best detemiiiied hj aUowing t 
to mil out f/f eylindrical tubes. For this case we bare the formiill 

'?*'hIv*' ^^^^^ ^ ** heiglit of the cohunn of liquid, r the radii 

of the tube^ 1 tt#f lengthy and v the volume of the liquid that flows 
in tinit timu ; w ia the number $'1415 . . , Higher mathematii 
IM rcfjuircd U> obtiun this formula, so that here we simply state it 

Thtj rolation« contained in the formula 17 = '^r^, that the efflue* 

volufno of liffiiid iH profiortioiial to the pressure and to the fonrtil 
power of the riuliuK, were found empirically by Hagen (1839) ad 
Potuouille (tH4:J). Iliia harmony of theory and practice confirms thl 
a#«umptioMs made in developing the former ; namely, that the interoi 
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ction is proportional to the size of the moving surface, and to its 
-ative speed. 

The formula given above is, strictly speaking, only applicable to the 
le in which all the work done by the pressure serves to overcome the 
ction. This never actually happens, as the liquid always leaves the tube 
th a finite velocity, consequently with some kinetic energy. If R is the 
rt of the work used up by friction, it, plus the kinetic energy with which 
3 liquid leaves the tube, must be equal to the total work. For the volume 
of the liquid entering the tube at a pressure P, the work has the value 
and therefore PV = R + L, L being the kinetic energy. This now is 
ual to half the product of the mass Vs (s = specific gravity) and the square 

V 

the velocity, which is equal to — , where t is the time and q the cross 
ition. We therefore get 



A correction must still be applied to the numerical factor of this formula, 
was calculated on the assumption that all parts of the flowing liquid 
tve the same velocity. But this is not correct ; the flow is faster in the 
iddle, slower at the sides. When this difference is taken into account, 
process requiring higher mathematics, the result is that instead of the 
ctor 2 in the denominator we must put 4/2 = 1*260 ; the formula remains 
.lierwise unchanged, and as R is proportional to the coefficient ly, we 
ive 



lie value of the coefficient of friction deduced from the dimensions of 
le tube must thus be diminished in proportion to the second member 
•ithin the brackets, P being measured in absolute units. As this member 
J proportional to the square of the velocity, it is best to diminish the 
peed of outflow as much as possible by using long tubes and small 
►ressures. 

As the determination of absolute values for internal friction is very 
troublesome on account of the difficulty in procuring and measuring 
perfectly cylindrical capillaries, we usually remain satisfied with relative 
values by taking the internal friction of water at 0°, or at the tempera- 
ture of experiment, as standard ; it is generally made equal to 1 or to 
100. This mode of proceeding has the great advantage that the 
constant of the apparatus can be determined with about the same 
degree of accuracy as falls to the measurements themselves, whereas 
individual absolute measurements are affected with much larger errors. 
It is left to the further progress of science to ascertain with equal 
accuracy the absolute value of the unit chosen. 
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The appustm of the 




fetched in f%. 13 lias prored 
£ar r^itif^ dcfamMiiitttinM. Its eec 
para are a tube de, ieraal nilltraetrea w. 
its QpfW portkm^ wlikli has its bore mn 
at e wlim it ^pmssm into a btilb K. Froi 
lower end of Una balb pmeeda a capilk 
vliieli in hs turn is jotned to tlie wider tfi 
Tbe ajjgpaiatiiiB is filled to above a lOArk c 
iq^^ier mim hj mu^DS^ and tlie time is 
wfaidl tlie sorbce of tlie Hqaid takes tc 
horn tills mark to aooUier beneath tbe bull 
I is thk time for a Mqiiid of speci^c gr^^ 
and T the time for water, then the rektr 

tema] friction /> =^ pressiune in the two 

being as s : 1. 

A method, formerlj much in that nam 
hanging a circular disc in the liquid bj mean 
wire and determining the friction from the decrease of the arc of ten 
oftcilliiUoii, is extremely inconvenienL In the fii^ place, we require s 
Ijamtivdy large quantity of liqnid. Again, the theory of such oscilkti 
not completely trnderaloocE, and the approximatians formerly cons 
«iifildent liave given errots of as much as 40 per ctnt with ^t sola 
for vijjcotiB liquids like rape-seed oil the error mounts to 300 or 400 pe; 
Thotigh more riscent caicoiations give results nearer tbe troth, yet liie 
they inrolre ia much larger than the error of experiment JB^fll 

Although several investigators have expended much tmc^ev 
muiiaurement of the friction constants of liquids, no general re 
Ijetweeii thera and the composition and constitution of the liquit 
l^eca found The first e^cperiments on this subject are those of Gi 
(1861) ; later investigations are due to Rellstab (18GS) and partic 
to Pribram and Hancll (1878). The general results are only 
rules applicable to small groujySj so that they need not be given 

In pai'ticular nothing has been found that enables lis to dec 
what teni|>eraturc the coefficients of friction are comimrable, 
decroHse very rapidly with rising temperature, and a law to rep 
this change has l>een recently given by Graetz (188S), but its a] 
tion has led to no further general results, 

SolutioriB have proved to be somewhat more productive of r 
but we cannot here discuss their behaviour. 
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definition of specific heat as the quotient of the quantity of heat 
mmuniciited to unit mass of the suhatance by the rise of temperature 
iNfMch it effects, has been alreiicly given. As the quantity of beat that 
ir^kes the tempera ttu-e of 1 g. of wat-er through I " is taken as the unit, 
specitic heat of water is equal to unity^ and that of any other 
substance can therefore be defined as the ratio of the quantities of heat 
which must bo communicated to eqtml masses of the substance and of 
water, or withdrawn from them, in order to briiig about the same 
I change of temperature in both cases. 
I 

I The quantity of heat required to warm a gram of water one degree ie not 
always the same, an increjised quantity hii'mg necessary as the temperature 
Hses, Tlie exact law of this change h not known, in spite of numerous 
taveatigations, for the data given by different observers vary a great deab 
it h therefore most convenient to use as unit quantity of heat the hundredtli 
\iin of the well-determined amount taken up by 1 g. \\ ater between 0" atjtd 
W (or even that quaiitity itself). This unit is very nearly equal to that 
obtained by heating water one degree at 1 8 "3 the mean laboratory tempera- 
te. All measurements are in practice referred to the latter unit. 

The determination of the specific heat is executed by mixing the 
wktance in question, at the temperature t^j and of the weight m^, 
rilh imother liquid, best water, whose temperature and mass are t^^ 
m^^* If there be no extermil work, as is gene ml ly the cascj the 
I total heat must remain constant^ and we have, Cj^ and c^^ being the 
[ ipedfic heats and t the final temperatiu^e, 

c,rai(ti-t) + c,m,{t,-t) = 0, 



i whence 



m^(ti-t) ■ 
= 1, 



f If lyater is the second liquid Cq 

This fiiajple equation 1^3 not, liowever, quite complete. In the first place 
tht Uquids are necessarily enclosed in vessels, which likewise take part in the 
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heating and cooling ; for each of these we must introduce into the equation a 
corresponding term Cnm„(tn - 1), where c^ and m„ must be known ; t^ is 
either t^ or t^. Again, a larger or smaller quantity of heat always escapes by 
radiation, whereby the equation must receive a value other than on the 
right hand side. How the last circumstance may be made of no effect cannot 
be here explained. 

The theoretical signification of the specific heat of liquids is rather 
complicated. The heat communicated serves firstly to increase the i 
energy of motion of the molecules ; secondly for intermolecular work, 1 
the molecules moving farther apart with rise of temperature; and 
lastly for work within the molecules," the connection of the constituent 
atoms being altered. We have as yet no means of determining the 
values of these separate amounts of work, and must therefore fall back 
upon a purely empirical study of the observations. 

In this case, as in so many others, the comparison of observed values 
is rendered difficult by the temperature having a great and varying 
influence on the specific heat, which may assume widely different 
values within comparatively narrow limits of temperature. The re- 
searches of Keis (1881) and De Heen (1883) have for this reason 
yielded no results of a general character. 

The experiments of Schiff (1886) led to the unexpected conclusion 
that regularities in the specific heat of the organic compounds studied 
were more apparent from a comparison, not of the molecular heats 
as we might suppose, but of the specific heats for equal weights. I* 
appears that the members of homologous series have specific heats 
either equal or altering by leaps, and the variation with temperature, 
expressible by the formula k = a + bt, has a constant value. Isomerism 
and molecular weight seem to be without definite influence on the 
specific heat. 

All compound ethers of fatty acids, CJI^dPsj for instance, possess 
the specific heat k= '4416 + '0008 8t; for the aromatic hydrocarbons 
from benzene to xylene k = -3834 + "001 043t ; for ethyl benzene, 
pseudocumene, and mesitylene k= -3929 + •001043t; for propyl ben- 
zene and cymene k= 4000 + •001043t. 

As the total number of compounds studied is ninety-one, and the 
errors of experiment are less than a half per cent, the accuracy cpi 
Schiff's conclusions can scarcely be doubted. From his data no regU-' 
larity can be perceived as to which compounds have the same constar>* 
in the formula for the specific heat, and which different constants. 
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CHAPTER I 

SOLUTIONS OF GASES IN GASES 

Solutions are homogeneous mixtures — mixtures wlnVh a.]!^^ 
separation of their components by me chanica^ means. The ability of 
gases to form such mixtures is unIimiSB3^Baror liquids is limited. 
Solid substances, too, can form mixtures which come under the above 
definition, but not as such, the solutions being produced only when the 
components have previously united as liquids to a homogeneous 
mixture, or when they are brought under the- influence of great 
pressure into a condition bordering on the liquid state. 

Gases, as aforesaid, mix in all proportions. The properties of 
the components of such mixtures are preserved im^Bg^d. with the 
exception of those conditioned by the expansion of each component to 
m total volume of the mixture. Other exceptions to this rule are 

I only found when the gases are so compressed as to approach the 

I state of hquids. 

The general expression for the behaviour of gases is as follows : 
, Tie pre^^^y^ yf a gaseous mixture is ^he sum of the partial 
t El-^i PjiTes _of^ its compon ents. We find the partial pressures 
j imagining each gas separately to fill the total volume and cal- 
I culating the pressures corresponding. 

We might also say that the total volume gf a gas is equal to the sum of 
tbe volumes of its components, each gas being supposed compressed to its 
proper volume by the total pressure on the mixture. The first expression is 
more correct for uniformly mixed gases, the second for stratified gases. As 
tlie firat case is by far the more frequent, we have practically it alone to 
consider. • 

If P and V be pressure and volume for a gaseous mixture, pj, Pg, 
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Pg, . . . and Vj, Vg, V3, . . . the corresponding values for its compone 
gases, we have the equation 

PV = PiVi + p2V2 + P3V3+ . . ., 
which for a uniform mixture becomes 

PV = V(pi + P2 + P3+ . . .), 
and for superimposed layers 

PV = P(Vi + V2 + V3+ . . .). 

If two gases are superimposed they gradually mix. BerthoU 
^e the experiment of inverting a flask full of hydrogen over 
similar flask filled with the very much heavier carbonic acid, so th 
the two openings of the flasks fitted exactly to each other. After 
few days carbonic acid was found in the upper flask and hydrogen 
the lower, both having moved against the force of gravity. Th 
property of diffusion is shared by all gases. Whenever two mass* 
of gas of different composition are brought into contact, they contini 
to penetrate into each other until a uniform mixture is formed. 

This phenomenon is easily conceivable from the standpoint of tl 
kinetic theory of gases (p. 61). The molecules of the one gas i 
virtue of their rapid translatory motion soon penetrate amongst thos 
of the other, and so a process of mixture begins, which continue 
uninterruptedly until it reaches an apparent end after the molecule 
of each gas present are equally distributed through the whole space 
The mixing then ceases only apparently ; it actually goes on as befoM 
but it can no longer alter the state of the mixture once this ha 
become uniform. 

These phenomena are of great importance with respect to the con 
stitution of the atmosphere. Together with the continual massiv 
motion of currents within it they cause the surprising uniformity of it 
composition. They have also been of importance in the development 
the kinetic theory of gases, for they give us the means, although onl; 
through the instrumentality of somewhajb difficult and not yet perfect!; 
satisfactory mathematical theories, of calculating the mean free path 
of the gas -molecules and consequently also their dimensions (c 
p. 65). 

We can get a good nption of the difference of the velocity of diffusion I 
plarJn g a di:np nf brnmiup. in tlie b otTom of each oTtwb Dottles, one of whi^ 
contains air and the other h ydrogen . The bromine soon becomes converti 
into vapour, which lies for a pretty long time at the bottom of the bott 
containing air, while in spitfe of the far greater difference of density, 
diffuses rapidly upwards in the hydrogen. 



CHAPTER II 



SOLUTIONS OF GASES IN LIQUIDS 

Tbe solubility of gases in li^iuids, or the capability of both to form 
liomogeneons liquid mixtiu-es, is also as good as general The solubility 
of gases in some lif[uids, however (in mercury for example), is very 
sligbt, so that it may as a rule be entirely neglected ; still several facta 
pint to the existence of a certaiu solubility even in such cases. 

The quantity of a gas taken up by a given liquid depends ou the 
mture of both and on the temperature. For the rest it is, as Henry 
(1803) found, proportional to the pressure of the gas. If we 
c^U the quantity of the gas contained in unit volume (both of the 
liquid and of the space above it) the concentration of the gas, the 
kw may be thas expresseilj that under given conditions the ratio of the 
toncentrations in the gas itself and in the liquid remains consttmt 
although the pressure varies. This ratio we will call the coefficient 
flf aoluhility, or simply the solubility of the gas. 

A number closely related to this value is what Bunsen (1855) has 
Mned as the coefficient of absorption. This signifies the volume 
ol gas at 0" and 76 cm. pressure which is taken up by 1 c. cm. of the 
liquid at the same pressure, and only differs from the solubility as 
above defined by the volume of gas being reduced to 0°, ie. being 
^livided by I + *00367t. It seems more reasonable to give the volume 
Hi gas for the temperatiu:e at which the sohibility itself has been 
^letermined ; Bunsen's definition, however, is still very widely spread^ 
lud must therefore be mentioned. 

Tbe cakulation uf an nhsorption experiment in which v volnmes of the 
has dissolved Y voliimos of the gas at t° and p era, pressure is made, 
iwcctnliug to Bimsen, by reducing the gas vohinie to normal conditions hj 

mahipljiiig by ^^.^^ . ] then tbe quantity of gas is calculated which 

wtjuld be dissolved according to Henry's Law at the normal presenre through 

ittultiplieation by ; and lastly by dividing by v we obtain the quantity 
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abBorbed unit volume of the liquid. The coeffieie'iat of abeorption ^ 

y p 76 V 

thua mual to — - , — - • — ^-n r^. The aolubility aa defined 

* V 76(1+ at) p v(l+afj ^ 

ifl Bimply A = — ' 

Bunsen and hiB pupik hare determined the ahaorption coefficieBtS 
for a great number of gases towards water and alcohol at temperatm« 
between 0^ and 20^. The nmnl>ers are mostly not large, mid vary for 
the "permanent*' gases— nitrogen, hydrogenj oxygen, carbon monoxitlfl, 
and methane — between and "05. The more easily condensable 
gases, snch as carbon dioxide, nitrogen monoxide, and hydrogen sal- 
phide, have coefficients between 1 and 4, These numbers are for 
water ; for alcohol they are from two to eight times as large, the two 
series not being proportional. 

The solubility usually diminishes with increase of temperature, 
Burjsen states that in the case of hydrogen in water, and oxygen 
carlion mouo^cide in alcohol, the coefficient between 0' and 25' ' 
independent of the temperature. 

Mixed gases, as Dalton (1807) found, are dissolved according 
their partial pressures ; the sohibibty of each com[K)nent is not 
influenced by the presence of the other components. The propoi'tioil 
between the gases is in general changed on soliition ; the fact must h 
specially emphasised that the fiiial and not the original partial pressuxei 
are determinative of the equilibrium. 

The accuracy of the above laws is of the same nature as that of tlft 
fundamental laws of ga.ses ; tliey are limiting formuloe approEiched more or 
leaa nearly by the actually existing relations, and that in general the better tbe 
s mailer tlje aoluhility is, and the lower tlie pressure. Yet with even sacli » 
aoluhle gas aa carbon dioxide Henry *s Law holds up to pressures of 4 atm. 
mth an error of only one per cent. 

Henry^s Law is in genend not applicable to gases of wMch the 
volume dissolved amounts to several hundred times the volume of tie 
liquid. However, we have regularly in such cases a chemical action , 
between the gas dissolved and the solvent, the dissolved part being ' 
BO changed chemiaillj that it does not come directly into play in tbe ; 
final equilibrium. Here the amount dissolved increases much moie 
slowly than the pressure, and the determination of an al>soq)tion 
coefficient becomes impossible. Sometimes at lower temperatures 
deviations occur which vanish again at higher temj>eratiires wheu the 
aolubility becomes less. Thus sulphur dioxide follows Henry ^s LaW 
above 40°, but ceases to obey it below this temperature ; ammonia i* 
not dissolved by water according to the law until the temperature 
reachesr 100°. 

,Jf we take the solution of a gaa saturated under a definite pressure, an A 
then diminish the pre^jsure, the excesi of gas does not by any means at 
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ave the liquid. Such solutions in fact easily remain " supersaturated," and 
ttly part with the excess when they are brought into intimate contact with 
le gas under the diminished pressure, or better with a foreign gas, in which 
he partial pressure of the dissolved gas is zero. Thus porous powders 
ontaining much air, when introduced into solutions of gases, as well as violent 
haking, which distributes numerous tiny gas bubbles in the interior of the 
iquid, are particularly effective in this respect. On the other hand, super- 
laturated solutions of gases may be kept for very long periods in glass vessels 
jarefully cleaned (with sulphuric acid, caustic alkali, etc.) 

The molecular theory of the solution of a gas in water is very 
aunple. When the gas-molecules reach the surface of the water they 
are held there in virtue of an attraction between them and the water 
molecules. When now a certain number of gas-molecules have been 
taken up, it will happen that one of those already in the liquid will 
free itself from the attraction of the latter and return into the space 
containing the gas. This will occur the more frequently the more 
molecules of the gas there are in the liquid, and finally a state of 
equihbrium will be reached when just as many molecules leave the 
liquid as enter it. 

If the pressure changes, the number of molecules impinging on the 
surface of the liquid will change in the same proportion ; equilibrium 
therefore can only exist when the number of the molecules leaving the 
solvent, or the number of dissolved molecules, alters likewise in this 
ratio. The quantity of gas dissolved is therefore proportional to the 
pressure. 

For gaseous mixtures equilibrium will be reached with every 
component according to the number of its molecules, i.e. to its partial 
pressure, independently of the other components, as the number of 
molecules entering and leaving the liquid will be in each case equal to 
one another. This is Dalton's Law (p. 120). 

Variation of temperature changes the number of the impinging 
molecules, but also the number of the liberated molecules in the same 
sense, so that it would be in the first instance without influence. 
Simultaneously, however, the condition of the liquid changes, and with 
it the attraction between its molecules and those of the gas, the force 
of the attraction being lessened by increase of temperature. Th^ 
decrease of solubility mostly observed with rise of temperature is due 
to this last circumstance. 

If instead of pure water we take solutions of different substances to 
absorb the gases, we find the solubility of the latter in most cases diminished. 
Absorbed gases are therefore partially given up by liquids when these are 
luade to dissolve solid substances. In particular cases, e.g. those investigated 

Raoult (1874) where potash and soda solutions were saturated with 
ammonia, it appears that the diminution is proportional to the quantity 
of solid dissolved. Setschenoflf (1875) got similar results for various salt- 
sohitions towards carbon dioxide, but besides the action of solution there 
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was here in some cases the chemical action between the carbonic acid and 
the base of the salt, so that the whole phenomena became much more com- 
plicated. In the simplest cases the total quantity dissolved was composed 
of a chemically bound portion proportional to the salt present and inde- 
pendent of the pressure, and of another portion simply dissolved and pro- 
portional to the pressure. In other cases the first portion showed itself 
dependent on the pressure but in a much less than proportional degree; 
here of course there was also a chemical action, but it was incomplete and 
variable with the pressure. 

Evolution of heat in varying quantities is almost without exception 
attendant on the solution of gases in water. 



CHAPTER III 



SOLUTIONS OF LIQUIDS IN LIQUIDS 

Che relations between gases and liquids are much simpler than those 
)f the latter among themselves. * In the first place, by no means all 
liquids are soluble in each other; there are some that are almost 
snthout mutual action, although that there is absolutely no action 
may be doubted. Such liquids dissolve each other in general only 
partially, A taking up a little of B to form a homogeneous mixture 
with the essential properties of A, and B at the same time dissolving 
a quantity of A, the properties of the mixture being essentially those 
of B. No case is known of a liquid partially soluble in another 
which cannot also dissolve some of the latter. 

Besides this group of pairs of liquids we have another, the pairs 
of which mix in all proportions with each other, e,g. water and alcohol, 
chloroform and carbon disulphide. The groups are not sharply 
separated, for some pairs exist which at certain temperatures are not 
miscible in all proportions, while at other temperatures they are. 

The properties of solutions of liquids in liquids are not in general 
those which would be calculated from the simple rule of mixing, 
h is known, for instance, that the volume of a mixture of alcohol 
and water is not equal to the sura of the volumes of its components, 
hut smaller. If we fill a tube about a metre in length and closed at 
one end about half full of water and then fill up with alcohol, we see 
after the liquids have been mixed by inverting the tube a few times 
that there is an empty space of several centimetres at the top. 

Many other properties are affected in the same way. The compressibility, 
expansibility by heat, surface tension, specific heat, etc., all show values 
more or less different from those calculated. These deviations are usually 
€8pecially large when water is one of the components of the mixture ; 
^ing on the average much smaller for other substances, in particular those 
of chemically indifferent character. No regularity of any importance has 
teen fonnd in such deviations. 

The vaporisation of mixed liquids exhibits relations which may be 



124 



OUTLINES OF GENERAL CHEMISTRY 



BOOK If 



grouped similarly to those of the solubility. They are simplest in tk 
case of liquids which only dissolve each other to a very small extesA, 
the total pressure being equal to the sum of the separate pressures of 
the two liquids at the same temperature. A special case of thisi 
that the vapour pressure of a liquid is the same in an atmosphere of^ 
gas as it is in vacuo. The law is not quite exact, as both the sum of 
the pressures and the vapour pressure in the gas are somewhat smaller 
than the calculated values. 

These are further examples of the general principle that the vapour 
pressure is determined by the state of the liquid in contact with thi 
vapour. As two immiscible liquids are in general still soluble in eaA 
other in traces, we have actually not the vapour pressure of the pure 
liquids but of those which have dissolved some of the other liquid « 
of the gas in which they stand. Now it is always the case that the 
vapour pressure of a liquid becomes smaller when it contains a sub- 
stance dissolved in it, and so we see that the above law holds only for 
the extreme case of perfect insolubility, and that the actual vapour 
pressures will always be smaller than those calculated. 

If such immiscible liquids are distilled they will go over in a constant 
proportion for any one temperature, no matter what the composition 
of the liquid may be, for the vapour consists of the vapours of the 
components in the ratio of their vapour pressures. As the quantities 
of the liquids in the receiver are to each other as the products of 
vapour pressure and density, or of vapour pressure and molecuhur 
weight, we can find the molecular weight if the vapour pressure is 
known. 

As a rule, however, we do not know the vapour pressure. It -can be 
found if the relation between the vapour pressure and temperature of the 
other liquid is known, and the temperature of common ebullition measured. 
This lies naturally below the boiling-point of the lower-boiling Hquid, 
namely, at the temperature at which the sum of the partial pressures of both 
vapours is equal to the atmospheric pressure. We have only, therefore, to 
deduct from the atmospheric pressure the vapour pressure of the second 
liquid at the common boiling-point to get the required partial pressure of 
the first substance at the same temperature. This method is, to be sure, 
not very exact. According to Naumann (1877) a mixture of water and 
nitro- benzene boils at 99'0° ; as the vapour pressure of water at this 
temperature is 73'3 cm., the partial pressure of the nitro -benzene is 
76-0 - 73-3 = 2-7 cm. 

Similar but not (juite so simple laws hold good when the liquids are 
sensibly but still only partially miscible. By shaking up such hquids 
together, e.g. water and ether, we get two layers ; in one of which the 
one lic^uid preponderates, in the other, the other. They stand in an 
equilibrium independent of their relative (quantities. By using the 
conception of concentration (p. 119) we can define the state as we 
did in the case of gases: E(|uilibrium is attained, when * 
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^finite ratio of concentration is established between the 
quids ; the absolute and relative quantities of the solutions have 
Dthing to, do with the matter. 

Two such solutions, in equilibrium on contact and not further 
oiscible, are also in equilibrium with respect to any process by which 
heir concentration might be altered, in particular with respect to their 
vaporisation. The pressure and the ratio of the components of the 
^-apours given off by the two solutions are exactly equal. The proof 
>f this was given by Konowaloff (1881) both by direct measurement 
und from theory. 

Imagine the two solutions enclosed in ring-shaped space, one above 
the other ; then if a, for example, had a greater vapour pressure 
tlian b, distillation from a to b through c 
would occur. This would change the con- 
centration of the solution b, and the sub- 
stance in excess would, in order to restore 
the contact equilibrium, be again taken up 
by a to evaporate from it anew. We could 
thus obtain a form of the perpetual motion, 
which, as we know, is impossible. 

As each of the two immiscible solutions 
has thus the same vapour pressure as the 
other, their common vapour pressure is also 
independent of the quantity of each. It 
will be smaller than the sum of the vapour pressures of the separate 
liquids, as each of these has dissolved somewhat of the other, and thus 
had its vapour pressure lowered. On distillation a liquid of constant 
composition passes over, as both solutions give off vapour of the same 
composition until one or other has all gone over. In the distillate 
the two components usually separate into two saturated solutions, 
their ratio being constant on account of the constant composition of 
the vapour. 

The most complicated case is when the liquids dissolve each 
other in all proportions. Then the liquid is continually changing its 
composition during vaporisation, which entails a change in the pressure 
and the composition of the vapour in its turn. If the two liquids 
have very different vapour pressures and their boiling-points corre- 
spondingly wide apart, the vapour pressure and boiling-point of the 
mixture usually falls between those of the components. The more 
volatile liquid goes over principally at first during the distillation, the 
less volatile remaining behind, so that by repetition of the process 
they may be more or less completely separated. 

On the other hand, if the vapour pressures and boiling-points of 
the components lie near together, two things may happen. Either 
the mixture behaves similarly to one of liquids not completely miscible, 
and the vapour pressure of the solution is greater than that of each 

I 
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component. In this case there must be a certain ratio between the 
two pure liquids at which the common vapour pressure will attain 
its highest value. This mixture has consequently the lowest boiling- 
point of any possible combination, and will on distillation go over 
first, behaving very like a pure substance with constant boiling-point. 
In the retort we have left the substance which is in excess with 
respect to this constant-boiling mixture. 

Or again, the mixture of the two liquids may have a lower vapour 
pressure than either separately. Such liquids must again form in 
definite proportions a mixture that has the lowest vapour pressure and 
the highest boiling-point of any. On distilling any mixture of the 
two anything more volatile passes over first, so that there remains in 
the retort the mixture with the highest boiling-point, which again 
behaves almost as a simple substance, distilling unchanged. 

In both of these cases the mixture cannot be separated into its com- 
ponents by distillation, but only into another mixture of constant composition 
and the liquid which is present in excess of this. These constant -boiL'ng ' 
mixtures have been often erroneously held as simple liquids or chemical 
compounds, especially when the proportions were nearly molecular. The 
proportions, however, change continuously with the pressure at which the 
distillation is performed, so that the assumption of chemical combination of 
the liquids is excluded. Determinations of the vapour density also show 
in such cases that the vapours exist uncombined alongside each other. 



CHAPTER IV 



OSMOTIC PRESSURE 

When a layer of pure water is brought over any aqueous solution, 
say one of sugar, the system does not remain in this condition. As 
in the case of layers of different gases, the sugar at once begins to 
rise against gravity and to diffuse into the water, the motion only 
ceasing when the substance is uniformly distributed throughout the 
whole mass of water. 

This motion may be arrested by bringing between the solution 
and the pure solvent a septum which will let the latter pass but not 
the dissolved substance. Such a " semi -permeable " wall can be pre- 
pared by saturating a porous earthenware cell first with a solution 
of copper sulphate, rinsing it carefully out, and then filling up with 
a solution of potassium ferrocyanide. On and within the earthen 
wall there is formed a continuous sheet of copper ferrocyanide through 
which water can be filtered. If we try to filter a sugar solution it 
requires a much greater pressure, and what passes through is not 
sugar solution but pure water. 

Instead of the precipitate of copper ferrocyanide we may employ many 
other amorphous substances with the same effect, e.g. ferric oxide, silicic 
acid, tannate of gelatine, and the like. The protoplasm of organic cells is 
generally clothed with a pellicle which has the same property as such 
artificially prepared membranes. 

If such a prepared cell is filled with sugar solution, and then 
closed by a stopper which admits of connecting it with a manometer, 
we observe an increase of pressure in the interior of the cell to a 
definite maximum when it is placed in pure water. The maximum 
value is dependent on the concentration of the sugar solution and on 
the temperature. 

If the temperature is kept constant, then the pressure is propor- 
tional to the strength of the solution (Pfeffer, 1877). The final 
pressures are very considerable ; a one -per -cent solution of sugar 
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giving 50 cm. of mercury, and a one-per-cent solution of po< 
nitrate a preesure of more than 3 atm. I 
The proportionality l>etweeii concentration and pressure^ 
from the following measiu^ements by PfefTer on sugar solutions- 

Oomc^hiralloii, Fresraiie. Ratio, 

1 per omit 53-5 cm. 53*5 

2 101 *fi p, 50*8 
:l-n l&r$ „ 55*4 
4 208-2 „ 52*1 
(J „ 307^5 „ 51*3 

The hw that regulat-es the osmotic pressui-o has exactly thi 
form as Boyle's Law, for the pressure exercised by gases is propo 
to their density or concentration. It has been shown by man} 
measurements^ both direct and indirect, that the law of osmoti 
sure holds for all dissolved substances no matter what their nati 

From this fact, that the particles of a substance in solutioa ex€ 
pressure on the neighbouring pure solvent, the above-niftntioned phenc 
ul diffusion becomes comprehensible* The particles am clriven I 
pr^ifssure iuto the solvent^ and as the pressure is p^opt^^tional to the ( 
tration, the action will only cease when the same concentration has 
where been reached. 

The extreme slowness with which the diffusion takes place, notwilhst 
the magnitude of the prcssuie^ is remarkable. The cause of this ii 
found in the friction which the particles experience in moving throti 
lii|uid, and in tlie very small size uf the particles tliemselves. If we 
a stone, which would fall sev^eral hundred feet in a few seconds, to 
fine powder, this will remain under similar circiim^^tances suspeaded 
air for hours, although gravitation acts upon it with exactly the eaiii 
ajs before. When, therefore, we consider tlie extraordinary minute 
the molecules we begin to understand wliy such A-ery eIow progress i 
in spite of the gi^at pi^issures at work. 

Temperature has the same influence on osmotic as on g 
pressure: The pressure increases proportionally to the 
peraturcj and in the same ratio for all dissolved substs 
Moreover, this ratio, or the coefficient of tension, has the same 
as in the case of gases. 

Thus, if we know the osmotic pressure at 0^, it will hi 
equal to FJ^l + "OOSeTt). The relation may therefore be exf 
in the same way as for gases. The osmotic pressure is propo 
to the absolute temperature. In proof of this important rch 
give the following measurements by PfefFer and the correspi 
values calculated by van't Hofl'— 





Preasure. 


At 


At 


ObseiTe<L 


Calcn 


Caua sugar 


54-4 


32° 


14 15" 


51-0 


51 




567 


36* 




52*1 


5S 


Sodium tartmte 






13*3** 


143*2 


U4 


73 


98*3 


37-0° 


IS-S" 


00-8 


90 
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be values were calculated on the assumption that the coefficient is 
►0367. The differences are not greater than might arise from errors 
I experiment. 

From experiments with living cells it has been also proved that solutions 
ihat are in osmotic equilibriiun with the cell contents at 0° remain so at 34°. 
rhe increase of pressure was shown in this way to be always the same, 
however different the solutions employed might be, and however complex 
the cell contents. 

We can thus represent the osmotic pressure of substances in solution 
"by the same general formula as we employed for gases, viz. pv = ET. 
The question now arises, what value the constant R will have in the 
case of solutions, it being always the same for molecular quantities 
of different gases. We best calculate it in the latter case for gram 
molecular weights. At 0° we have p=1033, v = 22380, T = 273, 

and therefore E = ^ = 84700.* 

Now Pf offer found the pressure to be 49*3 cm. of mercury for a 
one-per-cent sugar solution at 0°. The molecular weight of sugar, 
^12^22^11 J is 342 ; the volume in which 342 g. of sugar are contained is 
therefore 34200 c. cm. The pressure of 49*3 g. of mercury is equal to 
49-3 X 13-59 = 671 g. per sq. cm. The temperature 0° C. is 273 in the 

absolute scale. For sugar the constant is therefore E = ^ 34200 

273 

=84200. As we see, this agrees within the limits of experimental 
; error with the gas constant. 

[ Consequently, the osmotic pressure of a sugar solution has 
the same value as the pressure that the sugar would exer- 
cise if it were contained as a^gas in the same volume as is 
occupied by the solution. 

The gas equation pv = ET holds unchanged with the same constant 
for solutions, only that p here denotes the osmotic pressure. For this 
excessively important principle we have to thank J. H. van't Hoff. 

The question, if this be the same for other temperatures and con- 
centrations, must be at once answered in the affirmative, as the appli- 
cability of the laws of Boyle and Gay-Lussac to solutions has been 
abeady proved. We have only now to ask if Avogadro's law holds 
for solutions, ie. if all other substances besides sugar exhibit the same 
yalue for E when molecular quantities are considered. The answer 
^ this case also is affirmative. It is true that there are very few 
fet measurements of osmotic pressure, but it has beeh established 
the method with organic cells, already indicated, that solutions of 
the most diverse substances have the same influence, if these substances 
^ contained in the solutions in the ratio of their molecular weight. 

* The last places are here and in what follows rounded off so far as they are 
rcQdered doubtful by the error in the experimental numbers. 

K 
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All the comprehensive rcslationa previously developed as to 
connection between vapoiir density and molecular weight ai*e 
found applicable to solutions, so we may say in general that the eta 
of substances in solution is in the widest sense conn>amb!e to that 
gases. 

Certain groups of subsfemces, in particular stilts, together m 
many acids and bases, show variations from these simple relaticr 
The osmotic pressure they exercise is much larger than it ought to 
from their molecular w^eight ; for potassium chloride it is almost twi 
as large. 

Quite a similar irregularity, it will he remembered, appeared 
certain definite cases (ammonium salts, etc.) with the vapoiu- densityj 
Le. the pressure mm found to be much gieater than it ought to ha 
been according to theory^ The abnormalities were there explained 
admitting the substances to be dissociated, Le. to have split up in 
simpler molecules. The number of molecides was thus actually m 
larger than that which corresponded to the formula of the unde^om- 
posetl substance, and therefore the pressure was greater in the same 
ratio. 

It is natural to assume a similar ex]jlanation here — to look upon 
the substances which exhibit similar abnormalities as being hkewise 
dissociated in their solutions. It will be shown later that this asstunp 
tion is really well founded, and explains not only this phenomenofl 
but a great many others. 



CHAPTEE V 



VAPOUR PRESSURE OF SOLUTIONS 

It has already been stated (p. 124) that the vapour pressure of liquids 
which contain substances dissolved in them is smaller than that of the 
pure liquid. The laws of this phenomenon, in the first instance for 
' solutions of non- volatile substances, were ascertained by Babo (1848) 
and Wiillner (1856). They are to this effect, that the lowering of 
vapour pressure is proportional to the amount of substance 
dissolved, and that for one and the same solution, the lower- 
ing at any temperature always remains the same fraction of 
the vapour pressure of the pure liquid at that temperature. 

If we thus denote by f the vapour pressure of the solvent, that of 
the solution by f, and by g the amount per cent of the dissolved 
substance in the solution, we have 



where k is a constant which represents the relative lowering of 
the vapour pressure for a one-per-cent solution. 

This law, however, like so many other such, is only an ideal law, to 
which the actual relations approximate more nearly the more dilute the 
solutions become. In concentrated solutions we have deviations, correspond- 
hig to those of gases at high pressures, and susceptible of a similar ex- 
planation. 

If we refer the constant k, or the relative lowering of vapour 
pressure, not to equal weights but to molecular weights, we at once 
find an additional general law, the products of the relative decrease and 
the molecular weight being constant for one and the same solvent. 
Tjius, if we dissolve in equal quantities of a liquid such amounts of 
Afferent substances as are proportional to their molecular weights we 
obtain Hquids with the same vapour pressure. The rule may be stated 
thus: The molecular lowering of vapour pressure produced 
by all substances in the same solvent is constant. 
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If, lastly, we compare the relative lowering experienced by ( 
solvents, we find them to be equal when equal amounts of a si 
are dissolved in quantities of the various solvents proportional 
molecular weights. Here the vapour pressure of the solutic 
that of the pure solvent as the number of molecules of the so 
to the total number in the solution. 

Now, if P be the weight of the solvent, p that of the d 
substance, M and m being the corresponding molecular weigh 
p p 

z-r = N and — = n are the relative numbers of the molecul 
M m 

further f and f represent as above the vapour pressure of pure 
and of the solution respectively, we have, from what has been 
stated, 

f_ N 
f "N + n 

which can be transformed into 

f - f n 



f N + n 

The relative lowering of vapour pressure of any s( 
is equal to the ratio of the number of molecules of t 
solved substance to the total number of molecules 
solution. 

P p 

By using the equations jjj = ^ 3,nd ^ = n we have finally 
f - f ' _ pM 



f pM + Pm 

The preceding rules were mostly discovered empirically hy 
Raoult (1887). They may evidently be used to determine u 
molecular weights of substances, so that we have in them the 
a much more general method than that of vapour density, ma 
substances being soluble in volatile liquids, than themselves ^ 
undecomposed. 

The practical determination of the lowering of vapour pressure 
according to the general methods of ascertaining the vapour pressu 
solution may be introduced into a barometer and its vapour pr 
read off at once from the depression of the mercury column. Th 
pressures of the solvents themselves are for the more common s 
already tabulated, but it is more to the purpose to make a secon 
ment with the pure solvent simultaneously with the other, whc 
effect of any error in the determination of the temperature is el 
Attention must be given to the thorough wetting by the solutic 
walls of the space in which the vapour is contained, as superficial d 
of concentration in thin films readily appear, and this may hav( 
effect on the readings. 
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Another method consists in heating in the vapour of the boiling solvent 
a shortened barometer-tube containing the solution, and conveniently of the 
form of an inverted siphon. The elevation of the mercury in the closed 
limb, in which the solution is contained, is then equal to the lowering of 
the vapour pressure f - f , and the vapour pressure of the solvent is equal to 
the height of the barometer at the time of experiment. 

Again, We may determine the boiling-point of the solution under atmo- 
spheric pressure. If we know the vapour pressure of the solvent at the 
same temperature we have all the data required. 

Other methods are based upon the determination of the weight of 
vapour which occupies the same volume at the same temperature, at the 
pressure of the pure solvent on the one hand, and of the solution on the 
other. A flask is exhausted and the vapour of weighed quantities of the 
solvent or of the solution admitted. The quantities that evaporate are 
proportional to the vapour pressures, the ratio of which can therefore be 
determined from the respective losses of weight. 

In many cases we can make use of the principle that the vapour pressure 
is the same in gases as in vacuo. If, for instance, a current of air be passed 
through the solution and then through the solvent, the loss of weight of the 
first will be to that of the second as f : f - f , the air being saturated with the 
vapour up to the pressure f by passing through the solution, and then further 
up to f by passing through the solvent. If in addition we determine the 
weight of the vapour carried over, this is proportional to the vapour pressure f. 
If we are working with aqueous solutions, the methods of hygrometry 

f 

. may be employed to determine the relative humidity j . 

As to the general validity of the above law, we find that there 
are here exactly such exceptions as we met with in the case of osmotic 
pressure. All substances that gave too high values of the latter, 
and for which therefore a state of dissociation was assumed, ex- 
Ubit quite the same abnormality with respect to the lowering of 
vapour pressure. The ratio between the actual and theoretical values 
of the osmotic pressure is equal to the ratio between those of the 
lowering of vapour pressure. This circumstance strongly supports the 
assumption that the cause of the abnormalities lies in the dissolved 
substance and not, as might also be, in the solvent. 

In view of this complete parallelism between the two series of 
phenomena — osmotic pressure and the lowering of vapour pressure — 

must ask if there is no theoretical connection between them. Such 
a connection actually exists ; so that if the laws of osmotic pressure 

given we can deduce those of the lowering of vapour pressure from 
^hem, and vice versd. 

We imagine a vessel of the form of an inverted funnel (Fig. 15) 
vhich is closed at the bottom by a semi -permeable wall. Let it 
be filled with the solution L and stand in a vessel F containing the 
pure solvent. Let the whole now be covered with a bell-jar, and the 

be exhausted from this. 
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The solution mil he in equilibrium with the external liqn 
the prosatire exerted by the column hG is equal to the 
pressure. Now the liquid tit tl and the solution at h a 
evaporating ; the vapour pressure of the 
at h must therefore be equal to the pressj 
/f^ sessed by the vai>our of the liquid at tl 

/ - . ^\ place. For, were it greater or less, llquit 
either Ine deposited or would evaporate a 
both cases the pressiure on the semi-pe 
wall would chauge and liquid either enter 
the funnel This would go on for ever, 
we could obtain the perpetual motion, t 
impossible. 

The pressure exerted hj the vapoui 
liqidd F at h is eriual to the vapour pre 
the solvent dimitiished bj the weight of a 
of vapour of the height Gh. To this press 
vapour pressure of the solution must be eq 
=: We shall now suppose the laws of 
pressure to be given. Let the solution 
n molecules of the dissolved substance 
molecules of the solvent The osmotic pressure is numerical! 
to the pressure the substance would exert if it occupied th 

sjmce as a gas, ie. by the equation pv = nRT, whence P = — 

R = 81700 (p. 129) and T is the absolute temperature. Tc 
let us consider that the X molecules of the solvent weigh M'N, i 

MN 

is the molecular weight, and occupy the volume ^ the sj>ecillc 




Fig. la. 



of the solvent being represented by s. We thus obtain p - 



iiBl 

m 



height h of the solution corresponding to this pressiu-e is givei 
equation p = hs', where is the specific gravity of the solutio 
us imagine the solution to be so dilute that its specific grav 
not differ appreciably from that of the solvent, so that we i 
TiT?T 

a' = s. Then we have h = — — . Since MN is equal to the H 

Bolvent that contains n molecular weights * of the substance di 
ire can state the rule : The osmotic elevation is for tl 
composition by weight independent of the nature of the solvet 
The vapour pressure f of the solution is less than that 
solvent by the pressui^e exerted by a column of vapoiur ha> 
height h, Le. f=f-hd, if d denote the vapour density* T] 
also be calculated from the equation pv = ET ; p^ the pressuri 

* All woiglita are to be caknkted in grama, here as elsewhere in this 
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M 

apour, is equal to f, and d = as the formula holds for one molecular 

f M 

weight of vapour. Therefore d = — . 

If we now introduce into the equation f = f - hd the values 

the result of the experiments by Raoult we found (p. 132) the formula 

^-7^= ,,^ . The difference arises from these experiments being 
f M + n 

made with solutions of finite concentration, while the calculations only 
hold for infinitely small concentrations ; if n is very small compared 
with N, both formulae give the same result. 



CHAPTER VI 



THE FREEZING-POINT OF SOLUTIONS 

A HUNDRED years ago J. Blagden (1788), in a research unusually 
exact for that age, found between the temperatures at which salt- 
solutions solidify and the strength of these solutions, the simple relation 
that they are proportional. His work, however, fell completely into 
oblivion. Riidorff in 1861 rediscovered the same fact, and in 1871 
de Coppet, who confirmed this result, added the rule that different 
substances of analogous nature depressed the freezing-point by the 
same amount if they were dissolved in water in the proportion of their 
molecular weights. 

The further development of our knowledge of this subject was for 
a long time arrested by the investigation being confined exclusively to 
water as the solvent, and salts as the experimental substances. 

Only when F. M. Raoult studied, in the first instance (1882), 
aqueous solutions of indifferent organic substances, was the simple law 
ascertained that equimolecular* solutions have the same point of 
solidification. When other substances were then employed as solvents 
the same result was found, so that the following general formula may 
be given. 

If A be the depression of the freezing-point of the solvent caused 
by the solution of n molecular weights of the substance in g grains of 
the solvent, we have 



where r is a constant, which depends only on the nature of the solvent 
If the molecular weight of the substance is not known, it can easily be 
ascertained by determining the depression when p grams of it are dis- 
solved in g grams of the solvent. We have then n = £, so that the 

m 

* By equimolecular solutions we mean such as contain, in the same quantity of 
the solvent, quantities of the dissolved substances proportional to their molecular 
weights. 
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becomes A= ^2.^ or 
mg 



rp 



ich we get the molecular weight. 

jonstant r, which as we saw above is dependent on the nature of the 
nay be determined by dissolving sub- 
f known molecular weight in the liquid 
erving the depression. Introducing 
es so obtained into the first formula, 
Ag 



1 law also holds in the first instance 

indifferent substances ; salts, strong 
nd bases are exceptional in their 
lu". These exceptions, however, are 
osely related to those noted in the 

osmotic pressure and the lowering 
ir pressure ; the depressions actually 
i are greater than those calculated, 
1 ratios between the observed and 
ed values are the same for the 

substances as those found by the 
ethods. 

apparatus of Beckmann (1888), sketched 
16, is the best for the practical deter- 
i of the depression of the freezing-point 
ss tube A contains a thermometer D 
into hundredths of a degree, and a 
rod made of stout platinum wire. A 

quantity of the solvent is introduced 
which is then placed into a somewhat 
ibe B, used to form an air-jacket be- 

and the wide outer vessel C, into the 
rhich A is fixed. This external glass 
ntains water or a freezing mixture, the 
ture of which lies from 2° to 5" below 
zing-point of the liquid. The thermo- 
i now observed while the liquid is kept 
ly stirred, small clippings of platinum 
troduced into A to aid in the thorough fig. 16. 

At first in consequence of overcooling 

below the freezing-point, thereupon suddenly to rise to the correct 
ture when the solid substance separates. The freezing-point of the 

being in this way exactly determined,' a known quantity of the 
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substance to be investigated is introduced from a weighed vessel througli the 
side tube into A, the liquid is thoroughly stirred and the experiment 
repeated. The freezing now takes place at a lower temperature, and tlie 
difference of the two temperatures is A in the equations. 

With somewhat concentrated solutions there is often a very strong over- 
cooling, so that on solidification a large quantity of ice * separates. The 
solution still remaining is thus too concentrated, and the observed tempera- 
ture too low. Most of the ice is then allowed to melt, and when only a 
small quantity is left the apparatus is again brought into the cooled outer 
vessel. 

It is natural to expect between the phenomena of the depression 
of the freezing-point and the lowering of vapour pressure some such 
theoretical connection as we found between the latter and the osmotic 
pressure. The connection in fact exists, and was deduced theoretically 
by C. M. Guldberg (1870). Van't Hoff (1886) completed the theory 
in several important points, and showed how to derive the constant r 
from other magnitudes. 

First of all we must find an answer to the question whether pure 
ice is deposited or if the solution freezes as a whole. From the experi- 
ments made on this subject and the discussion arising from them it 
appears that the former alternative is the correct one. As long as the 
solution is not so concentrated that the dissolved substance crystallises j 
out owing to the lowering of temperature, pure ice alone separates. 

Now the same mode of reasoning as we employed on p. 125 shows 
that the temperature at which ice can separate from the solution is 
that at which ice and the solution have the 
same vapour pressure. In Fig. 17, b now 
represents the solution, a ice, and c the 
vapour. If the ice, for instance, had a greater 
vapour pressure than the solution it would 
sublime from a to b ; from the now diluted 
solution ice would separate at a, and the 
perpetual motion woiUd thus be obtained. 
The same could also be got if the vapour 
pressure of b were greater than that of *• 
As both these cases, then, are inadmissible* 
the vapour pressure of the ice and of the 
solution must be the same. 
From this it follows, therefore, that the laws which we found for tb^ 
vapour pressure of equimolecular solutions also hold for the depression 
of the freezing-point. 

To render the relations which obtain here quite plain, let ww 
Fig. 18 represent the curve of vapour pressure for water, the temper^ 
tures being the abscissae and the pressures the ordinates. The curV"^ 

* Ice is here used quite generally for the solidified solvent, be it water, benzer* ^ 
or any other substance. 
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Fia. 18. 



ice e has one point (at 0° namely) in common with the curve for 
er, for if the vapour pressures at the temperature at which ice and 
er can exist together were different there would be a possibility 
obtaining the perpetual motion. Below 0° the ice curve runs 
leath the curve for (over- 
>led) water. The curve for a 
ution 11, finally, runs below 
it for water, so that its 
scissse always form the same 
iction of those of water, 
le freezing-point of the solu- 
)n is the abscissa of the 
)int where the curves e and 
cut each other, for both ice 
id the solution, as we just 
•oved, must have the same 
ipour pressure. 

The differences of temperature of which we have here to take 
icount are small enough to justify us in considering the corresponding 
ortions of the curves of vapour pressure as straight lines. It is then 
ear that the point of section of e and 1 will move in the same pro- 
ortion to the left as 1 sinks under w. Now this sinking, or the 
3lative lowering of vapour pressure, has been already found both 
beoretically and experimentally to be proportional to the strength of 
be solution, and therefore the depression of the freezing-point must 
•e also proportional to the concentration; which is confirmed by 
xperiment, as we have already seen. 

The constant r may be deduced from the laws of the dynamical theory 
)f heat in the following way. We imagine a large quantity of a solution of n 
gram molecules of substance in g grams of solvent enclosed in a cylinder with 
a semi-permeable wall. By a pressure on the piston a little greater than the 
osmotic pressure, so much of the solvent is pressed out as corresponds to the 
volume in which a gram molecule of the substance is dissolved. The work 
K^iuired for this, if p be the osmotic pressure and v the volume just men- 
tioned, is equal to pv, which in its turn is equal to ET. Let this process be 
perfonned at the melting-point T of the solvent. The quantity of liquid 
g 

pressed out is — grams. 

g 

We now let this quantity of the solvent freeze, when -w calories are 

evolved if w is the latent heat of fusion of the solvent. We then cool every- 
thing by A till the freezing-point of the solution is reached, bring the ice 

g 

^to contact with the solution and let it melt -w calories are absorbed, 

n ' 

Wt now at the temperature T - A. Lastly, we warm the whole up to T 

^iii, 80 that the system regains its initial state. 
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he work 'ii>ne aea; ia. raiis .laae is ajnal Zii zha frnrtr«^n ^ 'if lae jdisiI ieac 
piMsaiur frr;ni oiafuir rfu* lower CdXELpericsr^ wiert A i& niii* iiifcs*aiLt 

the pr«isi«i^ «aiae die cacal heat ia ^w. » choc the pcroai s mirsrcraniti 

iiWft work. Bin nh.ift work has been, fomui epal <:-r ET. wiemie 

= KT, R nmat be here expreaeei ni thi*nnitT hhib : iiEls -Tnlie 2ii& 

keea already caleolatai :uid f*:'(zmi sqrml lo ± p. 71 . 

\^nir afT^ a 

We have th«ef«jre =2Tor A = — If we eaniKir^ nhi;?^ ^n-t 
Ta w s 

with that grren «i p. 13^ for -\. rt fcllow^ = ' eonfitanr r h 

tlnK diKtermined b j the latent Lsat of fs^aoc w. amf tfe absolute tiefliper3r:ire 

T<> test thii thefjretieal resalt, r = . Tact H<3C to wiL*>in we ow}t the 

w 

ealctilatfovk, dedwotd the coiLstaiit:^ of seT^cnl «iib^anees from the known 
rakln» of the latent Leat aik«i the meltmc-pomta. azi!*l compared them with the 
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Acetic aciri 
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Formic acid 
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•2770 


Benzene . 
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•29-1 
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5000 


Xitro-benzene 


27S-3 


22-3 


6950 


7070 


If we consider the comparative ronghnes 


3 with which 


some 


of the heats of 



ftunan have been determined, the agreement is very satis&ctorr. 



CHAPTEE VII 



SALT-SOLUTIONS 

As has already been mentioned, a large group of substances — acids, 
bases, and salts, to wit — do not obey the simple laws in aqueous solu- 
I tion. This is no property peculiar to these substances as such, for in 
[ alcoholic and ethereal solution they behave, quite normally and act as 
I calculated from their molecular weights. In the same way water 
I occupies no exceptional place with regard to other solvents when in- 
different substances are dissolved in it. The exceptional behaviour 
only appears when the above substances are dissolved in water, and is 
a result of the mutual action of both factors.* 

The molecular weight of these substances when determined from 
their aqueous solutions by any of the previous methods is always 
smaller than it ought to be according to the chemical formula. If M 
is the molecular weight corresponding to the formula, and that 
found in aqueous solution, we may put M = iMw, where i is a number 
always greater than 1 and possibly as large as 4 or 5. It is to be 
noted that all the methods give the same value of i for one and the 
same solution. A solution of potassium chloride for which i is nearly 
equal to 2, exhibits not only twice the depression of the freezing- 
point that corresponds to the formula, but the lowering of vapour 
pressure and the osmotic pressure are too great in the same ratio of 
2:1. The number i is therefore not dependent on the method 
employed, but only on the nature of the dissolved substance, and in a 
certain measure on the concentration and the temperature. 

The explanation of these phenomena has already been indicated. 
We must assume that the substances in question are dissociated in 
their solutions, i.e. split up into smaller molecules, just as ammonium 
chloride is dissociated in the vaporous state. It is true that here the 
dissociation is of a peculiar kind, connected in the most intimate way 

* It may be well to state here what will be seen later to be of decisive importance 
for the theory of these phenomena — namely, that solutions which are thus 
exceptional, and only such, are electrolytes. The two properties are always 
associated, not a single exception being known. 
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with the tAt^swiead prr^^ertks? the sc^faxtkiai; as vUl be skcnm ame 
in (deUfO m iVxA DL. £k«tr<jdbiwksix. At tkk plaee it need 
^mAt \0i meaWMafA xksxL y^^er erxm^ematm ci tke factor i haa^ 
Sa1k»u tfe BotomM frf atto/h^ bats^a. asd a2u also ober tke general lavs 

ytmnmm (T^jsenrsai^jm hare been made as to tke properdei of 
tthnt/^lmkim, wlath bare kd to soHie more or less general reiadooL 
Takrj«i'i( Ld(v <^ MfAah /l$74i k an exampleL If the eptdSe 
fgpiwhk» of difimnt iofaitMB coffrtahrif^ eqarraleiit quantities of sJti 
in tbe sauM; fftsaahy fA water be «> arranged in a table that aH sdts 
with the jsame base escme into one perpendicular eofamm, and those witi 
dK lame add into one Lorizcmtal row, the difference between cor- 
rei^MMiing members of the series in iMh directions is constant. Fraa 
thk it U^iWi that the ^leeifie graTitr of eqniiralent sak-sofaitiQiis is 
composed additirelr fA two members, one oL whidi d^ends onlj on 
the aek], the other onlr cm the liase. 

Valson ehose a normal ammoniam chloride sctedon (49'5 ^ pa* 
litre;, whose specific graritr is 1-015, as his starting -pcHnt and 
detmnined the following addenda, expre^ed in units of the third 
(4aeey for the caknlaticKi of the specific grarities of otho- sohmoDs— . 
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Sulphates 
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Lead 
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Xitntes 
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14 




37 






Bicarbonates 


16 



Thus if we want to determine the density of a normal solntion of 
calciam nitrate, we must add to 1*0 15 the constant -027 for calcium 
ami 015 for nitric acid, which gives 1*057, agreeing very nearly with 
experiment 

Thw relation has been extended by Bender (1883), who showed that the 1 
d^nxity of a solution containing n equivalents of a salt could be obtained by j 
adding to the denidty of an ammonium chloride solution of n equivalents ^ 
the n-fold value of the modulL This new relation is, however, by no means 
yt^rfMly exact 

The dennities of the solutions of one and the same salt in water 
are not, as one might suppose, of such magnitude that the excess oi 
th^^ values over unity is proportional to the quantity of salt di^ 
m\\iA. This would be approximately the case if a concentrated sa^^ 
S4^;lution could be mixed with water without change of volume. ^ 
coniviuXion, however, regularly takes place ; the volume of the dilu*-^ 
mUitum liccomes smaller, and its specific gravity therefore greater th*^ 
it ought U) be according to calculation. 

All these relations appear much clearer if instead of the specifi ^ 
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gravity we consider the specific volume. OBtwald (1878) inmlo a 
Beries of detailed expei'iments on the change of volume during chemiavl 
processes, from which resulted the following general conclusions. 

If an acid is neutralised by a base, both being in atpieous solution, 
increase of volume takes phvce if the btvse is poUvsh or soda, a 
diminution of volume if it is ammonia. The change of volume depends 
on the nature of the acid ; it is some 20 c. cm. when 1 1. of normal 
potftsh solution is mixed with 1 1. of normal hydrochloric acid, and 
WUto 6*3 c, cm. with pottvsh and isobutyric acid. 

If the changes of volume given by a Ixiso with the acids A^, A^, 
Aj, . . . l>e comjmred with those given by another base with the 
same acids, it will be found that the diilerencos for all the acids are 
the same — are consequently independent of the nature of the acids. 
Similarly the differences between the changes of volume given by 
different acids with the same Imse have the stime value for all 
bases. 

The change of volume on neutralisation is tlms additively com- 
posed of two terms, one of which is det(U'niinod oidy by the base, the 
other only by the acid; the particular nature of the salt formed 
kaving no influence on the result, provided that all remains dis- 
solved. 

The connection botweou tluH fact and VaUou'H Law of Afoduli ih obvious. 
' Tbi« volume V of a salt-solution is given by thu formula v ^ a 4- b 4- 4- djj ; 
it is equal to tlio sum of the volumuH of the flolutions of thu acid, and of the 
W plus a change of volume dupentlont on the acid alone, and onu di, 
dependent on the base alone. If wo write the etjuation in the form 
Va(a+dJ + (b + diJ we see still more plainly that the volume of the wdt- 
solution is represented as the sum of two volumoa determined rcHpoctivoly 
hy the base and by the acid. Ah now the volumeH are inversely ivh the 
taties, and, as in the ])re«ont case they do not ditl'er very mtich from 

unity, we may put ^^^^^^^"="1-**^^^ (where a and fS are the " moduli "), 

wd con8o<iuently perceive that the law of moduli in a con8e<|uenco of the 
law of volumes for neutrtilisation. 

The above relations show that the nature of the salt jiroduced 
hy neutralisation in aqueous soltition has no specific influence, but 
only the nature of the two components. 'J'his circumstance likewise 
points to the conclusion already indicated, which will be more 
thoroughly established in the se(iuel, that in salt- solutions the two 
components of the salts, metal and acid radical, exist almost inde- 
pendent of one another. 
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CHAPTEl: I 

rJSiXAT PKoPEETIES 

Sv\:::\N r^.ci * r p.issessiiir: not only a proper volunw 

>::: x!sv- a :>>o:vr rA~ r.\rT^uier with the causes which in liquids 
v:v!*o: \ v v-'-.-at: -bsc&n.'t of the particles nnchanged, and thus 
U'U*'. ^-vuriii. v-: hivt- iis: in the case of solid substances 

\i'.isx^> wiir. ^ .it iir^::^: :ht relieve position of the particles— the 

Av\\v\;li:j; ^. .-l-vuiir hyiKitbesis a solid is consequently 

Hvix v...'-;vu. Sv ::™Uriice esach other that their displacement 

vUuxrlv «^wir: . :r,r ::^ r.:c easily 'ironght about. "We can explain 
.lu h >!sa!s* As:> :v..:v,: thit :u the interaction of the molecules theii 
i»nn i\niic^> i*.:.^ ^v.-iv. .r.is^-.i^A as they art differently in differeni 
lirtvliv»UN Aiui a:: s \iv: :^i::::-t c-f work is necessary to alter thei 

The jws*i^^;v trv^u: :o solids is gradual As its interna 

'riot ion iiu-m-tsos a liouivi Assumes more and more the properties of '* 
lolid. That sv»uio KvMes :::>viv^ub:edly solid, such as glass for instance 
itill iHJtain a ti-a^v of lioiiid prv>perties is shown by the well-kno^i 
fact that a lonj; strciiizh: iilass nxl pkced horizontally and supporter 
Hily at its ends gradually ^'sags" and becomes bent Its particle 
follow the influence of graWty like those of a liquid, only incompa' 
ibly more slowly. 

Besides this property of slowly suffering permanent deformation 
Mrhich probably all solids possess, though in very different degree, tb^ 
liave also the capability of experiencing transitory deformatio 
Mrhich disappear immediately the deforming cause is removed. V 
' 'tinguish here two essentially different properties, one of whi 
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Tesponds to the compressibility of liquids, while the other is 
culiar to solids alone and comes into play when they suffer change 

form, as by bending, torsion, and the like. The latter we call 
isticity. It is impossible to separate this entirely from the com- 
essibility, as changes of volume always accompany changes of form, 
id the observed coefficients of elasticity (so-called) are really functions 

both, values. 

Solid substances occur in two very different states, to which the 
ames amorphous and crystalline have been given. Solids in the 
rst state only can be arranged in a continuous series with liquids ; 
bey may be looked upon as liquids having very great internal friction, 
iuite a new condition is added in the crystalline state. The molecules 
ire no longer arranged haphazard as in liquids and amorphous solids, 
Dut their form has in some way conditioned a regular arrangement, 
»nd this makes itself apparent in the corresponding regular form of 
the whole mass and in the differences exhibited by numerous properties 
in different directions. 

To get an idea of the difference between the two states we can imagine 
the amorphous body as a confused heap of bricks, while the crystalline body 
is a regular structure made by their arrangement in layers. It should be 
at once mentioned that though the latter arrangement is in general the 
denser, it need not be so. The bricks may be built together in such a way 
that spaces occur between "them quite regularly, so that they occupy a larger 
volume than when piled up without regard to any order. This explains 
'why in certain, though rare, cases, the density of a crystalline substance is 
less than that of the same substance in the amorphous or even the liquid 
form. 



CHAPTER n 



FUSION AXD SOLIDmCATIOX 

It has been stated above that the amorphous state forms the regular 
continuation of the liquid state. Xo sudden change takes place 
between them, and in particular amorphous substances have no real 
melting-point. This passage from one state to another is so far to 
be compared to that of liquids into gases under a greater than the 
critical pressure. The passage from the liquid to the crystalline state, 
on the other hand^ is a sudden one; it takes place at a definite 
temperature, at which both states can exist together, while at other 
temperatures only one of the two forms is stable. This is comparable 
to the passage of a vapour into a liquid below the critical pressure, 
and indeed the similarity of the two phenomena is very far-reaching. 

If a liquid capable of passing into the crystalline state is slowly 
and carefully cooled, no separation in general takes place when the 
temperature is reached at which the crystalline form can exist along 
with the liquid, but the liquid, by increase of its viscosity, approaches 
the amorphous solid state. Such liquids, when brought into contact 
with a small quantity of the crystalline solid, immediately pass more 
or less completely into the crystalline state ; they become at the same 
time warm from the heat produced by the solidification, but naturally 
their temperature does not rise higher than the melting-point. 

If care be taken that a little of the crystalline substance is present 
beforehand, then the phenomenon of overcooling does not appear, 
but the passage from the liquid to the crystalline state takes pl^c^ 
quite regularly at a definite temperature, which remains consta^^^ 
(luring the whole transformation, as the heat lost by conduction sX^^ 
radiation is exactly replaced by the heat of solidification until the 1^ 
particle has become solid. 

In this respect there is a complete analogy to vapours. The^ 
also may be overcooled, but the state of overcooling ceases to exist ^ 
soon as a little of the liquid is introduced (p. 84). 

To the reverse phenomenon, the superheating of liquids (p. 84 
we know of no analogue in crystalline substances. If the latter a^ 
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:ed they begin to liquefy or melt at a definite temperature identical 
1 their point of solidification, and notwithstanding the external 
ply of heat, remain at this temperature until all is liquid, the heat 
ig used up in the process of liquefaction. 

The similarity to the passage from the liquid to the gaseous state, and 
versa, is still further to be observed in the dependence of the melting as 
1 as of the Lolling point on the external pressure. The latter always 
5S with increase of pressure (for the vapour in every case occupies a larger 
.ume than the liquid), whereas the melting-point only does so when the 
□stance on fusion increases in volume. If the volume diminishes, as in 
e case of the melting of ice, then the melting-point sinks as the pressure 
creases (James Thomson 1849, Bunsen 1850), The influence of pressure 
, however, very small, e,g. 1 atm. lowers the melting-point of ice O'OO?'*. 

The solidification of an overcooled liquid on contact with a crystal 
►i the same substance is an efiect produced exclusively by the latter, 
[f, for instance, we dip into fused sodium thiosulphate cooled to the 
Dtdinary temperature a glass rod covered with the same salt, crystals 
begin at once to develop round the rod. If these are then removed 
carefully from the liquid so that no crystalline particle remains behind, 
there is no further solidification; the liquid state is retained. An 
overcooled liquid therefore is not per se in an unstable state ; this is 
only the case when some of the solid substance is present. 

We readily find an explanation of this from the molecular theory. 
In a liquid the molecules move about quite confusedly and assume 
all conceivable relative positions. No special position is favoured. A 
crystal of the same substance, if introduced when the temperature is 
above the melting-point, will liquefy, for then the kinetic energy of 
molecular motion is greater than the work necessary to break up the 
crystalline aggregate. If the temperature is just at the melting-point, 
the two magnitudes balance each other. As many molecules leave 
the crystal in a given time as are added to it, so that in general its 
size remains unaltered. If the temperature is lower than the point 
of solidification fewer molecules are freed from the crystal than are. 
captured by it — the crystal grows. 

If now the liquid is allowed to cool, no crystal being present, the 
molecules receive no impulse to assume a regular arrangement, and 
there is " overcooling." The kinetic energy of the molecules decreases, 
they get nearer and nearer to each other, and it may happen that 
amongst the many encounters one may occur so that the molecules 
^ just be in the specially stable regular arrangement that determines 
the crystalHne form. The circumstances are then given under which 
the liquid crystallises spontaneously ; the molecules add themselves 
gradually to the crystalline nucleus, those being retained that approach 
m a suitable way, until the melting-point is reached on account of the 
rise of temperature, and then equal numbers of molecules enter and 
leave the crystal. 
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If a crystal is introduced into the overcooled liquid before it begins 
to crystallise spontaneously, the process described comes into operation 
at once ; if the crystal is again removed, there is no longer any cause 
for new crystals separating out. 

The possibility of overcooling obviously depends, according to the above 
view, on the ease with which the molecules fortuitously come into the 
required regular position. Mobile liquids will be much more difficult to 
overcool than viscous liquids, and the crystallisation of a given liquid will 
take place more readily the larger quantity we take of it. For, since it 
suffices that the requisite arrangement of the molecules should occur at one 
spot, the probability of crystallisation evidently increases with the total 
number of molecules, i.e, with the quantity of the overcooled liquid. 



CHAPTER III 



SOLUTIONS OF SOLIDS IN LIQUIDS 

HE solution of solids in liquids and their separation from solution 
now even greater similarity to the processes of vaporisation and 
ondensation than do the melting and solidification of solids. If a 
crystalline solid is brought into contact with a suitable liquid, its 
particles become distributed through the liquid — it dissolves. This 
process qf solution proceeds until there has been reached in the liquid 
a definite concentration dependent on the nature of both substances 
and on the temperature ; there is then equilibrium. The similarity to 
vaporisation is complete when we remember that dissolved substances 
too have a pressure — the osmotic pressure (p. 127); solution, like 
vaporisation, continues until the proper pressure is established. 

The equilibrium between the solution and the solid has its origin 
in their mutual action, and is therefore dependent on the nature of 
^oth. A definite solution pressure may be ascribed to every solid 
with respect to any given liquid at a given temperature, just as each 
liquid possesses a definite vapour pressure. Solution, like vaporisation, 
will go on u»til the opposing pressure has become equal to the solution 
pressure (Nernst, 1889). 
! Consequently the solubility of a chemical compound is only 
<ietennined when it is stated what definite solid is referred to. 
Calcium sulphate is much more soluble in water when anhydrous than 
I in the form of hydrated crystalline gypsum. We cannot, therefore, 
I speak at all of the solubility of calcium sulphate unless we specify 
whether the anhydrous or the hydrated salt is meant. 

! For reasons both practical and theoretical much work has been done on 
I the solubility of solids, especially of salts in water. The relation between 
temperature and solubility is most clearly shown by curves, the temperatures 
heingthe abscissae and the quantities dissolved by 100 parts of the solvent 
the ordinates. (Figs. 19-22.) We see that most of the curves are of such a 
form that they rise towards the right at an increasing rate, thus resembling 
the curves of vapour pressure. There are, however, substances which show 
decreasing solubility with rise of temperature, e.g. calcium hydroxide. 
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calcium isobutyrate. A close connection exists between the influei 
temperature on the solubility and the change of temperature on sol 
Substances whose almost saturated solutions would cool on taking 
further quantity of the solid increase in solubility with the temperatup 
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Fio. 20.— Bromides. 
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Fio. 21.— Iodides. 
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Fig. 22.— Nitrates. 



vice versa. This is a special case of a perfectly general principle, viz. w 
system is in equilibrium and any one of the conditions of equilibrii 
forcibly altered, the accompanying phenomena take place in such a way 
resist the compulsive force. 

Some of the curves are evidently made up of several distinct portioi 
strontium nitrate, Fig. 22. In such cases the separate portions belo 
different solids, usually hydrates with different quantities of water. 
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Wiliit of attention to the i^ircumsstani^u that solubility can only 
defined with reference to a perfectly defiiute solid ha.^ led to much 
iconceptioa If Glauber's salt, ^^a.^SO^ + lOH^O, m dissolved in 
rater the solvent with increasing temperature takes up more and more 
>f the sjdt until 33' i& reached. If now the mixture of the salt and 
ivater isL further heated, the sohibility decreases until at 100'' it is only 
half Its great as at 33°, The usual explanation is that the hydrated 
It is contained in the solution below 33°, and the anhydrous sidt 
H3ve 33 This, however, is wrong, for the solutions of sodium 
iphate show no fliacontinuity in any property at this point. 
The explanation should nither be that Na^SO^ + lOH^O only exists 
ow 33' ; if it is heated alone alwve this temf>erature the crystals 
fit and anhydrous salt separates. The break in the curve therefore 
not dne to the existence of difTerent salts in the solution, but to 
le presence of different salts in contact with the solution. The 
rfubility up to 33'' is that of Glaubers salt, above 33° it is that of 
le nuhydrous sulphate ; at 33" the two curves meet The curve of 
le anhytb'ous salt may be traced Iwlow 33 by introducing this salt 
ito the solution. Much more is dissolved than corresponds to the 
Jubility of the hydnited salt. 

The phenomena in super satumted solutions are now comprehensible, 
f 11 salt solution is allowed to cool or to evaporate there is in general no 
lason for the deposition of a solid. If, however, the osmotic pressure 
11 the solution exceeds the solution pressure of one of the salts which 
amy separate, and a particle of this salt is brought into contact with 
kfi solution, a rapid separation of the salt results and continues 
!mtil a f^tate of equilibrium is reached. Such solutions are called 
fidpersaturateib but it is clear that the supersaturation is only with 
respect to a definite solid] without this reference the expression is 
iiieiifuiigless 

From a cr»ld solution of sod aim sulphate there can separate Ka^.SO^ + TH^O 
a* Well }is Na,^SO^ + iOH^O. Aa the former is more soluble than the latter, 
BniutioaB CRn he prepared which crystallise at once on contact with 
Jis^SO^ 1 OiLjO, t>.are supersaturated with respect to ihiii salt, while oa the 
otWt liand they can still disi^olve small quantities of Na.jSO^ + 7H^0, i.e. 

not yet saturated with respect to this substance. If such solutions are 
farther cooled they may he supersaturated with refereace to both salts. The 
ftkive character of the two phenomena ia here specially ma^iifest. 

The molecidar hypothesis accounts for these processes in the same 
i^yaa it did for fusion and solidification, so that the considerations on 
147 may be applied here almost without alteration. On contact of 
^fiokble sul (Stance with its solvent its molecules are offered the op- 
lK5rtunity of unconstrained movement ; they enter the solvent until in 
same time equal inimbei's of molecides leave the solid and are again 
^ken up by it This evidently depends on the number of molecides 
«onljiineil in unit volume of the solution, Le. on the concentration. If 
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the solid is brougUt into a solution of greater concentrutioii it wiU iski 
up more molecules than it gives out; the liquid is "supersaturated" ant 
the crjstal groTv If the crystal is removed, the cause of the aepai* 
tion is no more at work and the solution remains "supersaturated'* 
The spontaneoiis crystiillisation of a supers^itu rated solution dependi 
on exactly the same circum stances as the solidification of an overcooied 
fused mass, to which the student may again refer (p. 147). 

It should be stated in conclusion that the a]iplication of these relations ii 
by no meaiLs limited to aqueous aoliUions ; they hold for solutions Ti'ith other 
fiol vents m well as for fusions of all kiodsi* In particular tliey plaj a 
decisive part. — 4:in^ hitlierto far too much neglected — in the crystallisation of 
melted silicateSj in the case of lavas and other eruptive rocks, and fom 
the foundation for the right coin prehension of the^ exceedingly imporkni 
geological phenomena. 

The above conception of the saturation of solutions putB us at orm 
in a position to utiderstand a class of phenomena which formerly pre- 
sented great difficulties, viz. the solubility of mixtui-es of salt^. On 
this subject we have researches by Kopp (1840), Karsten (1^411, 
Hauer (1860), and in particular by lindorff (1873)j the chief results of 
which are the following. 

Certain salts w^hen together in contact with water dissolve in suet 
a way that a solution of definite concentration is formed at a giTen 
temperature, its nature heing independent of the quantity of the sdU 
present, proviiled only that they are in excess. Such salts are the 
chlorides and nitrates of the alkali metals and of ammonia, jiota^sium 
and lead nitrates, the chlorides of barium and Ammonium, the sul- 
phates of sodium and copper, and the chlorides of sodium and copjier. 

Other salts have the property that they displace each other from 
solution J so that quite different saturated solutions are obtained 
according to the difierent proportions of salts taken. These salts fall 
into two groups ; they are either isomorphous, or they can form double 
salts. The two groups behave, however, differently, a fact hitherto 
unnoticed. If one of the components of a double salt is dissolved ia 
a solution of the latter by wanning and the whole then allowed to 
crystallise, it is found that the quantity of the other component in the i 
resulting solution is diminished. If the process be repeated a solution, 
of constant composition is finally obtained, from which the last* 
portion of the salt cannot be displaced. The same thing happens oO- 
addition of the other component Instead of the pure solution^ 
yielded by the groups of salts of the first typo, we obtain tw^o limitia^ 
solutions of eonsti^nt composition, together with all intermediate 
ratios. 

Isomorphous salts displace each other, in general, completely if thM 
solution is repeatedly treated in the hot state with one of the pai* 
and allowed to crystallise. 
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The explanation of this behaviour is simple. As the nature of 
3 solution is determined by that of the solid body in contact with 
a solution of constant composition will always be obtained when 
e composition of the solid is constant. This is the case with salts 
lat do not crystallise together, neither as double salts nor as isomor- 
hous mixtures. From solutions of a mixture of them saturated in the 
ot state the salts separate out unchanged, and the solution is saturated 
dth respect to both salts, however much of each may be present, 
'he phenomenon is perfectly analogous to that of the vaporisation of 
mmiscible liquids, the vapour in this case having a composition 
ndependent of the proportions of the liquids present. 

When a double salt is dissolved, a solution saturated with reference 
o it is obtained. If now an excess of one component is added, an 
.dditional factor is introduced — the solubility of the simple salt. 
Nith. sufficient quantities of the latter a solution must at last be 
bnned which is saturated both for the double and for the simple salt, 
ind there is in general a much smaller quantity of the double salt 
iissolved than is contained in the saturated solution of it alone. The 
iame considerations are applicable to the other component ; here also 
ive must get a solution simultaneously saturated for the double and 
the simple salt. On the whole, then, there are three saturated solu- 
tions : one for the double salt alone, and one each for it and one of the 
two simple salts. Between the two last solutions all possible gradations 
can be obtained; these, however, are not stable in contact with the 
solids, but are always undergoing a slow transformation. 

For substances which can form isomorphous mixtures in all pro- 
portions there is a different state of saturation for each composition of 
tlie solid. Equilibrium is established with respect to a solid (the 
deposited isomorphous mixture) which can have any composition 
l)etween those of the two pure salts, so that there is here no question 
oi a definite solubility at all. 
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CRYSTALS 

It has already been several times stated tlmt solids are often so buEt 
up that their particles are arranged accoi-ding to some definite law. 
This regular arraogemetit h seen wherever direction comes into ques- 
tion, for example in external form, elasticity, optical propertitiR, 
thermal conductivity, and the like. While these properties have equjtl 
vahiea in all directions in amorphous bodies, they are only eqml k 
parallel directions in crystal a, as we call such bodies with regular 
structure ; in other directions they are in general different. 

Of the properties here in question the external form was the first 
to be noticed and inveatigiited, Nicoks Steno (1G0*J) discovered the 
kw that while in different crystals of the same substance the form and 
size of the faces may alter iu any way, the angles between the fsicefi 
remain always the same. 

Another regularity among the different faces of a crystal m& 
found by Haiiy (1781), who stated it as follows — If we imagine, and 
this is always possible, that the simplest forms of a crystal are built 
up of prismatic elements with definite angles and proportions of th 
edges, then we can with similar prismatic elements construct all other 
forms occurring on the crystal so that the surfaces drawn through the 
corresponding corners of the elementary prisms represent the faces of 
the cry stab 

Crystallography received its present form from Weiss (1809), who 
introduced the idea of referring the difTercnt crystalline forms to 
definite systems of axes. The following laws on this method of 
represen tuition correspond to the two just mentioned. Firstly, every 
fiubstance has a system of axes whoso angles and relative lengths have 
definite values ; and, secondly, the diffeient faces occmTing on th* 
crystal, when moved parallel to themselves to cut one axis in a given 
point, cut the other axes so that the segments of any of these sIbthJ 
in simple rational proportions to each other. 

To these tw^o laws must be added a third, — the law of sym- 
metry, the recognition of which is also partially due to Haiiy. Itwu^ 
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st established completely only very much later, by von Lang (l^Gi"}). 
is to the effect that crystals are in general symmetrical structures, 
J. that planes may be drawn through them with respect to which.^ 
le parts of the crystal on either side are to each other as objert' liijl 
sflected image. The number and position of these planes are different, 
ad a systematic classification of crystals can be made by means of 
lem. 

Corresponding to their increasing symmetry, crystals are divided 
ito six groups, which will now be shortly discussed, so far as a 
nowledge of them is necessary for our general theoretical purposes. 

The simplest and least regular system is the asymmetric. The 
ystem of axes to which it may be referred consists of three iinequjil 
braight lines all inclined to each other. There is no plane <:>f i^ym- 
letry, the regularity of formation being confined to the fact that kt 
fully developed crystal each face has a parallel face oppo^^itc H. 
£ the possible eight planes are laid through the ends of the nxes we 
btain the fundamental form of the system, in which the c^^ob^ 
wirs of faces only are equivalent. As independent forms of iSkt 
fiymmetric system we have, therefore, only parallel pairs of sui faces. 

In the monosymmetric system there is one plane of symmetry. 
Oie system of axes consists of two inclined straight lines, and a Ihfriii 
>€rpendicular to the plane of the first two — the plane of syml&i^tCJf^ 
i any plane is made to pass through the axes, this conditions St Byii" 
netrically situated second plane lying as the mirror image of the first 
'eflected in the plane of symmetry. To each of these two planes we have 
•he opposed parallel planes, so that the forms of the monosymmetric 
system are composed of open four-faced or prismatic figures. Each 
)f these can pass into a pair of parallel faces by two opposite flti^dl 
becoming more and more acute. The forms of the monosymmetric 
system are therefore composed of open prisms and parallel pairs of 
surfaces. The octahedral fundamental form, obtained by laying eight 
planes through the ends of the axes, is merely a combination {>f two 
independent prisms. 

In the rhombic system there are three planes of symmetry, and 
the axes are three unequal straight lines all intersecting at light 
angles. If any plane be made to cut all the axes, the first jdpxil^ 
of symmetry determines a second symmetrically situated plane. Tfee 
second plane of symmetry doubles this number, and thus we lia\ o 
four planes. The third plane of symmetry (determined by the presence 
of the other two) generates no new planes, but only the cq>posed 
parallel faces, so that there is produced an eight- faced closed form 
(the rhombic pyramid of Fig. 23). By choosing this as the ftmd&- 
Rental form we can get the derived pyramids by rational multiplica- 
tion or division of one or two axes (Figs. 24 and 25) according to the 
fundamental law of crystallography. 

If one of the axes increases indefinitely the pyramid passes finally 
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intx) a prism, there being three sorts of these prisms, one parallel 
each axis. If two axes are prolonged to infinity we get parallel pain 
of surfaces, there being again three distinct pairs, one at right angkl: 
to each of the three axes. All the forms of the rhombic system an 
comi)osed of these three fundamental types 




Fig. 25. 



If two of the planes of symmetry of the rhombic system become 
equivalent we obtain the quadratic system. Corresponding to the 
condition above mentioned, the axes lying in the equivalent planes 
are also ec^uivalent, so that the system of axes consists of three 
straight lines at right angles to each other, two being equal but 
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different from the third. If the right angle between the two e(i«al 
axes is bisected, and a plane be made to contain the bisecting lino 
and the third axis, the two first axes are symmetrical with rospoet to 
this plane, which, together with a perpendicular phme (also jmssing 
through the third axis), is therefore to bo conceived as a piano of 
symmetry. The rhombic system has consequently five planoH of 
symmetry. 

If any face cut the three axes, it will bo doubled ])y the firHt. 
plane of symmetry; the second will determine four, and the third 
®ight similar faces. The fourth and fifth planes of symmetry goiKirato 
^% parallel faces. The general form is thus composed of sixtcjon 
planes giving an eight-sided double pyramid (Fig. 26). It is called 
biquadratic pyramid, and may assume different forms by alteration 
national proportions of the singular or principal axis, as well an 
^^the equal or secondary axes. 




Fic. 26. I-io. 27. 



U the principal axis be cut at an ever-increa«ing iViatsiUce, hit^mui 
ratic prisms (Fig. 27) are finallr obtained When the two isec^imlary 
axes are cut at equal distances from their intersection the nejgfiJx/unn;: 
^aces coincide in pairs, so that we obtain an eight^id<?fl fii^ure — th'j 
quadratic pyramid. An exactly similar form is whm auy 

\ one of the secondarv axes is indefinitely exterAefL bfAh fontix, bv 
prolongaticm of the principal axis, pai»§ into four-sid^e^l ^jrimm, hy 
simultaneous extension of both seoondarj- axes a XwfHiid^i Hy^nrf. hi 
got, the iacses being at ri^t m^es to the prindpa] ^xvl 

The hexagonal srs^exiL in many resp<»ct« ^milar t/> the f^^i^i 
latic, is obtained vhen not four plan^ of M-mmetry at but xhrt^ 
^ 60' contain the prindpal axis. ^^'e thu« g*ft a nyhVsm of ax*nt 
^^^Qasting 6t tliFbe equal stnii^ hn^sfi in one pkn^ inVrrbectJ/i;^ at 
^ anrie ol W'- and a f^rarth line perpendi<^ilar tJb/t plwj^: \hH 
otbeis: 
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The most general form is a twelve-sided double pyramid (Fig. 
which passes by gradual simplification into the hexagonal pyrs 
(Fig. 29), the dihexagonal prism (Fig. 30), the hexagonal prism ( 
31), which can be obtained in two positions, and lastly into a pa: 
faces at right angles to the principal axis. The derivation of 
forms is quite the same as in the quadratic system. 




Fic. :iO. Fig. 31. 



The regular system results when all the planes of symmetry 
the quadratic system are made equivalent. The axes are then thi 
equal straight lines at right angles, and in addition to the thi 
principal planes of symmetry there are six others. The group of s 
teen faces developed as the most general form of the quadratic syst< 
is repeated at each of the three axes, so that here the most genei 
form is a forty-eight-sided figure (Fig. 32). By gradual simplificati 
this hexakisoctahedron passes into all the other forms of the regul 
system Ji one axis is taken as the unit and the others made eqi 
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tiie same multiple of it, the icositetrahedron (Fig. 33) is the result; 
}wo axes are made equal to unity, the pyramid octahedron (Fig. 34) 
produced. When all the axes are equal we have the fundamental 
*m, the octahedron (Fig. 35). One axis becoming infinite gives from 




Pig. 86. Fig. 37. Fig. 38. 



the hexakisoctahedron the pyramid cube (Fig. 36) ; if, in addition, the 
two other axes are equal, the rhombic dodecahedron (Fig. 37) results ; 
finally, if two axes are cut by the faces only at infinity, we get the 
cube (Fig. 38). 

Besides these forms, which are generated by the complete development 
0^ all faces demanded by the relations of symmetry, there are others derived 
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from the first kind by the regular omission of certain faces. Sack: 
hemihedral forms are most numerous in the most symmetrical, the r^ula? 
system ; they also, however, occur in the quadratic and hexagonal system. 
We may be spared from entering into this subject in detail, as its treatment' 
is to be found in any text-book of crystallography. 

It has been already emphasised that the regular crystalline forais 
discussed above are only the outward sign of the regularity of the 
internal arrangement of the particles throughout the whole substance. 
The question therefore arises whether it is not possible to arrive al 
such a conception of this regularity that the crystalline form, as well 
as the other relations to be discussed hereafter, must of necessity 
follow. Such ideas have been developed by Frankenheim (1832-56)^ 
Bravais (1849), Mobius (1849), and Sohncke (since 1867), and have 
led to the desired result. 

Let us imagine a system of points in space, fulfilling the condition that 
the arrangement round any one point is the same as round any other. If 
we join any of these points with a neighbouring one, the straight line formed 
will, when produced in both directions, pass through points distant from the ' 
original points by the length of the original line ; for by our assumption a 
third point must lie in the same relative position to the second as the second ■ 
does to the first : the straight line will thus join up an infinite range of 
equidistant points. If we now draw a line from the point first considered 1 
to another neighbouring point the same thing holds, and it is also true for \ 
every parallel to the first straight line drawn though a point of the second, ' 
and vice versa. The two systems of parallels obtained by this construction 
lie in the same plane, and their intersections contain all the points of the 
system which are in that plane. The arrangement characteristic of crystals 
thus leads us in the first instance to two systems of co-planar equidistant 
parallels intersecting at a definite angle. If we add the limitation that the 
two determining straight lines be drawn from the point of origin to the 
two nearest points, it can be proved that the angle must lie between 60' 
and 90°. 

If we now draw a third straight line to a neighbouring point not lying 
in the same plane as the others, what we found above applies also to this 
line and to all parallel lines drawn through the points in the plane. All 
possible points arranged according to our assumption are thus determined as 
the intersections of three systems of parallel equidistant planes, the angles 
between which are subject to the condition already stated for the angle 
between the parallel lines. If no further condition is added we have the 
case of least symmetry, the asymmetric system. 

But now, if we add the restriction that there shall be one plane of 
symmetry, this plane must evidently be at right angles to one of the 
planes determined by two ranges of points, and bisect the angle between 
these ranges ; otherwise the condition of symmetry, that the arrangement on 
one side of the plane should be the mirror image of the arrangement on the 
other, cannot be fulfilled. Again, the distances between neighbouring hnes 
in the two systems of parallels contained by the plane of the ranges mus*' 
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eqnaL For, if we imagine one system to be drawn till it cuts the 
ne of symmetry, its mirror image must appear on the other side. If 
w the two systems of parallels be infinitely produced, the net in the 
ine is fully specified. We come, therefore, to the conclusion that a plane 
symmetry at right angles to another plane determines in the latter 
network of points with a rhombic mesh, through a diagonal of which 
passes. As regards the points without the plane, we must first of all 
scollect that every plane containing them, and parallel to that just con- 
Idered, must have exactly the same arrangement of points as the latter, 
keh a second field of points may thus be obtained by moving the first 
leiallel to itsel£ But the demands of the law of symmetry must be 
atisfied. In general a parallel movement would result in the number of 
x>int8 being doubled by reflection in the plane of symmetry, but this must 
aot be the case — the points and their images must coincide ; the field must 
therefore be shifted so that each point moves along a line parallel to the 
plane of symmetry. The projections on the original field of the points 
external to it must consequently fall on the diagonal of the rhombs through 
which the planes of symmetry pass. As fundamental form of this tri- 
dimensional system of points or " space net " we thus obtain a parallelepiped 
with a rhombic base, each pair of intersecting sides being equally inclined to 
the base. By drawing the diagonals of the base, and then joining their 
point of intersection with the corresponding point of the opposite face we 
get a system of three axes, two of which are at right angles to each other 
and the third inclined to both. This, as we have seen, is characteristic of 
the monosymmetric system. 

Symmetry in the plane may be attained in another way, namely, by 
.arranguig one series of parallel ranges at right angles to the plane of 
symmetry and the other parallel to it, the distance between adjacent ranges 
in the second series being different from that in the first. The proof that 
this arrangement is in no way essentially different from the above would 
lead us too far, and so will be omitted. 

We will now assume that there exists a second plane of symmetry. This 
necessarily calls into existence a third, which is its mirror image in the first ; 
again, the mirror image of the first in the second determines a fourth ; each 
of these new planes of symmetry determines three others, and so it goes on. 
Two planes of symmetry placed thus at random give rise to an infinite 
number of new planes, all containing the same straight line. This, however, 
on our original assumption is impossible, so we must look for special positions 
in which the number of planes of symmetry remains finite. The condition 
180° 

for this is that the angle be , where n is a whole number. 

n 

We shall first take n = 2 ; the two planes cut at right angles. For the 
I Kasons given above they must both be perpendicular to a field of points. 
1 The ranges of this field must be symmetrical with resi)ect to both planes, 
I which condition is fulfilled either by the points forming rhombs that have 
I the planes of symmetry for their two diagonals, or by the ranges being at 
^^ght angles to each other and parallel to the planes of symmetry. The 
Diesh of the net formed by the field of points is thus either rhombic or 
rectangular. The points of the parallel nets can likewise assume two 

M 
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positioDS ; they may lie simultaneously in both pknea of symmetry, i 
l>er|itiiidiciikr!y over thti lower pointy or they may lie over the points 
ijiterBecliou of ihe rliagunals. In Ijoth cases this takes place above oi 
below the plane (!tjimidt!ix'd, which consequently proves also to be a plane i 
Bynniietry* Thi^ demonstnitioii hoick in the eame way for every system \ 
more than two pbitie^ of symmetry passing through the same strai^'ht lii 
ao that we can state m general that two or more planes of symniet^ 
meeting in a straight line determine another such plane at rigb 
angles to that line. 

Let us now I'econsider oiu' nets* "When the points in the jmraHl 
plane are vertica.lly ahove tlie middle poiuts of the diagonals, the points d 
the third plane lie aliove those of the tirst. We can therefore consiiiler sai 
a system as a combination of two interpenetrating space nets. In all 
we arrive at tkree mutually pei-pendicnlar axes, which are not equivalat 
this is the characteristic of the rhombic eyateni. 

The (Mjcond plan.e of symmetiy may now be determiued by making n=lj 
the angle beiug in this case 60°, To the first and second there k at oiuK 
added a third, also at an angle of 60", These are all perpendicular to tJy 
original field of points and equivalent to one another. The only pckssibl* 
distribution of points iu the iield k that into three systems of ranges eacl 
parallel to a plane of Bymmetry ; the point-a form rhombs of 60'' and HO', 
The first parallel plane can eitber have its points vertically over the origiBal 
points or over the centres of the rhombs ; in the latter case the points of thl 
second parallel plane are situated vertically above the original points. 
the same reasons as before the original field is also a plane of symmetry^* 
that the whole system has four in all, three making with each other aiifjlei 
of 60'' and containing the same straight Kne, and one perpendicular to thfl 
line. Tlie axes are determined by the lines of intersection of the four planw 
of symmetry, so that we liave the hexagonal system with three equifalfifiw 
ares at 60'' in one plaut:!, and a fourth at right angles to these, I 

For n = 4 thei-e appears a second jyVdHQ of symmetry inclined at 45*" ta 
the first Tliese two determine other two at right angles to them ] so iht^^ 
we have four co- axial planes, those at right angles to each other beini 
equivalent but dilTereut from the other pair. The arrangement of ^.loints i* 
the field can only be quadratic, and the field itself, perpendicular to tW 
co-axial planes, must also be a plane of symmetry. The position of the point 
in the parallel planes is determined by the same considerations as befort 
The system lias five axes, of which four lie in one plane and fiie eipiivaleli 
in pairs alternately^ while the fifth is at right angles to these. As a rule ^ 
only take account of one equivalent rectangular pair of the first four, co* 
aider ing the other pair as secondary. This is called the (j^uadratic system* 

If we put n^5 or more, we find that such a number of planes ^ 
symmetry cannot be actually realised. It was seen above that the angl 
contained by the lines joining a point with the two neai-est points cann* 
be less than 60", while five or mom planes of symmetry would entail thii 
We have therefore only one step to take in order to attain the highest de^^t^ 
of regularity ; we must make the fifth plane of symmetry of the quadriitSJ 
system equivalent to t'wo others. We then have tliree equivalent priucip* 
planea of symmetry all at right angles to each other, and six secondaJ^ 
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JBoies in addition. Of the corresponding nine axes we usually consider only 
le three equivalent and rectangular principal axes. We have thus the 
egtilar system. 

The above six systems may further be grouped into three classes accord- 
ng to the number of their principal axes. We denote by this name those 
ixes round which we have to turn the crystal less than 180° in order to 
bring it into congruence with itself. In the asymmetric, monosymmetric, 
and rhombic systems there are no principal axes ; these form the first class. 
The hexagonal and the quadratic systems form the second class, with one 
principal axis. The last class, with three principal axes, contains only the 
r^ular system. 

Sohncke, as already stated, has recently substituted for the above mode 
of consideration another in which the limitation, here tacitly assumed, that 
all the crystalline elements lie parallel to each other, has been dropped, and 
replaced by the more general assumption that round each element the others 
are placed in corresponding positions. They need not be parallel, but may 
for example be alternately parallel and at right angles. The recognition 
that the former exposition was subject to this limitation is credited by 
Sohncke to Chr. Wiener. 

The result of the generalised inquiry was obtained by the use and further 
deyelopment of a kinematical investigation carried out by C. Jordan. It 
was found that in addition to the space nets discussed above there existed 
numerous other regular arrangements of points, which stood to the former in 
this relation — that they could be constructed by placing several congruent 
space nets within each other. Among the forms so obtained are some that 
oflfer a simple explanation of the relations of hemihedry, and even the 
rotation of the plane of polarisation in crystals {vide infra). The number of 
regular arrangements of points is stated to be no less than sixty-six. I 
cannot, however, here dwell on these interesting relations ; but it may be em- 
phasised that the theory in its application to special cases, to the crystalline 
\ habit of definite substances, seems to be of extraordinary promise. 
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ISOMORPHISM ANB POLYMORPHISM 

At tke beginning of this century Hatiy advanced as axioms the t 
principles that each substance had only one definit-e crystjilline form, 
and that different substances necessarily possessed different forms (except 
in the regular aystam, where such are impossible). Both these prhi' 
ciples were, however, soon found to be contradicted by experience, 
idaproth (1708) had found that calc-spar and arragonite with tlie 
same composition have different forms, and this observation wai cm- 
firmed by later investigations. On the other hand, substances iritb 
exactly the same form, such as the alums, the red silver ores, and the 
mixed vitriols, had quite ditii^rent compositions. The assumptiott 
made to explain this, that the crystals merely contained the foreig^i 
substances as admixtures, was disproved by their perfect uniformit? 
and transparency in many cases. 

The matter was cleared up by Mitscherlich {18'20), who in tba 
course of his researches on the phosphates and arseniates fouriil ttfit 
these had the same crystalline form when they were of similar compB- 
tion, i.e. when the components were alike except that one salt contained 
phosphorus where the other contained arsenic. A similar relatioa 
was soon found for many other compounds, so that it could be said ift 
general, that the same crystalline form was possessed not only V 
identical but also by chemically similar substances. 

In one case, however, viz. the salts NaH^PO^ -f H^O 
ITaH^AsO^ + H^O, no agreement of form could be shown ; but occasio 
ally the phosphate was obtained in crystals different from the ordina 
form and similar to those of the arseniate. 

This was another proof that one substance can assume difir 
forms, and Mitscherlich stated that this was possible in every case. 

The phenomenon that chemically similar substances crystallise in t 
same form received the name of isomorphism from Mitscherlich. A 
first only the similarly constituted substances were called isomorphor 
€.g, the salts Na.HPO^ 4- 1 211^0 and Ka.HAsO^ + 1 211,0. As, ho# 
ever, very many analogous compounds of phosphorus and arsenic ■ 
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imorphoufi, it has become customary to call these eleme'nts themselves 
amorphous, so that the name is applied not only to those substances 
Btving the iame crystalline form, but to those elements or groups 
rhich can form similarly crystallising compounds with the same 
esidiies. 

The agreement of the uugles of i&omorphous substances i& (except in the 
regular system) not at all perfect ; strictly speaking, homceomorpliistii ought 
to be siTbEtituteil far iBoniorphisiu. The differences are j^ome times greater, 
Bometirae3 but can amount to several degrees- 

A. more certain criterion of the existence of isomorphism than 
agreement between the angles is furnished by the ability of iso- 
tnorphous substivnces to form mixed crystals. In such crystals the 
isomorphous equivalent components are not in combining but in 
perfectly indefinite proportions, dependent entirely on the conditions 
Cff formation of the crystals. But the sum of the Isomorphous elements 
ia exactly equivalent to the quantity corresponding to the formula of 
eitiier of the simple compounds ; or in other words, the isomorplious 
elements replace each other in the ratio of their equivalents. 

The properties of such mixed crystals are in general sueh as would 
be calculated from the formula of simple mixing. This has been 
proved for the coefficient of refraction and the specific gravity. In 
other cases, such as the size of the angles, there occur abnormalities 
still awaiting an explanation. 

Isomorphism has been the cause of numerous theoretical specula- 
tions as to the form of the smallest particles, etc.j but these have as 
yet led to no important results. On the other hand, however, the 
principle of isomorphism has been found exceedingly iisefid in the 
disoovery and proof of chemical analogies, as will he seen later. At 
this place we may give a list of mutually replaceable isomorphous 
elements to serve as a basis for discussing such analogies — 

b CI, Br, I, F ; Mn (in permanganates), 

II. S, Se ; Te (in tellurides) ; Cr, Mn, Te in the acids H^EO^ ; 

As and Sb in the glances ME^. 
IIL As, Sb, Bi ; Te (as element) ; P, Y (in salts) ; IT, P (in organic 

bases), 

IV. Ka, Cs, Eb, Li ; Tl, Ag, 

?. Ca, Ba, Sr, Pb ; Fe, Zn, Mn, Mg ; Ni, Co, Cu ; Ce, La, Di, 
Er, y with Ca i Cu, Hg with Pb ; Cd, Be, In with Zn ; 
Tl with Pb. 

YL Al, Fe, Cr, Mn ; Ce, U in the sesquioxides. 
VII. Cu, Ag in the compounds of the lower oxides ; Au, 
VIIL Ft, Ir, Pd, Ehj Eu, Os ; Au, Fe, Xi ; Sn, Te. 

IX. C, Si, Ti, Zr, Th, Snj Fe, Ti, 

X. Ta, Kb. 
XI. Mo, W, Cr, 
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There in only a partial ifiomorphism between the elements separate 
hy a semicolon, 

In connection with ieomorplusm we have relations of mopphotpopj, i 
taken into account hj Groth {1870). There are known, eapedally i 
oi^nic chemistrj, numerous substances which can be derived from eacb ( 
"by the repbicement of one or more hydrogen atoms by other elements orl 
radicak. Relations iu the crystaUine form of such compounds were <ifU 
ftuspected* Groth showed that these relations were frequently of mtk ( 
eharacter that the proportions between the lengths of the axes only alten 
in one direction. For example, benaeue, its oxy- derivatives, and niti 
derivatives are all rhombic ; the ratio of two axes reniauia tolerably conBta 
in these compounds, while the third exhibits great variations. Similafl 
relations have been shov^Ti to exist in several other gronpa A substite 
tion often causes a change into another syetem, e.g. from the rhoml^i 
into the monoaymmetric. Even then, however, there frequently remaiBU 
general agreement in the shape of the crystals and approximate equahtyi 
the analogous angles. 

The clear comprehension of these relations is often rendfl 
difficult by the above-mentioned ability of many substances to appeirl 
in different crystalline forms. To this phenomenon the name of! 
polymorphism has been given. It is much more common than was I 
at first siispected ; in jmrticular the erysUillographic investigation of 
organic bodies, especially under the microscope, has shown that almost 
every substance can be obtained in two or more dillerent forms when 
the conditions of experiment are suitably chosen. 

An application of this fact may be first made to the conclusion 
that between the elementary composition of Bubsta^c^^9 and their 
crystalline form there is not that connection frequently supposed 1^ 
exist, according to which the latter is directly determined by the 
former. It rather leads us to the view that if the formal properties 
of molecules as they exist in gases and liquids determine the crystal- 
line form, this can only be by the different sjmce nets being more or 
less easily capable of passing through them. Besides, it is questionable 
if the crystalline molecules which occupy the points of the s|)ace 
do not consist of a more or less considerable number of simple 
molecules. In fact, wc may ask still f mother if the conception of 
molecules is applicable to this case at all 

The conditions under which polymorphous forms anse are still for , 
the most part unknown. We can distinguish between two sorts of 
such substances, the two classes being very different in their behavioTiT- 
An example of the first kifid is offered by sidphur. This substance 
crystallises at ordinary temperatiu^es in the rhombic, at higher tempera- 
tures in the monosymmetric system. All monosymmetric sidphuT 
)cept at comijaratively low temperatures passes into rhombic sulphur ; 1 
all rhombic sulphur heated to high temperatures changes into thftj 
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lonosymmetric modification. The temperature of transformation 
rliich marks off the limits of stability of the different forms, lies, 
ccording to the measurements of Reicher, at 95*6°. 

Other substances behave similarly to sulphur, e.g, ammonium nitrate, which 
lystallises in four forms with temperatures of transformation at 35*, 85*, 
ihI 123°. Mercuric iodide, which is ordinarily red, changes when heated into 
k sulphur-yellow modification, which when cooled again passes into the red 
brm. 

For these substances, therefore, there is within the range of 
temperature at which they are solid a definite point (or several) 
which divides it into two (or more) parts ; in one part the one form 
only is stable, in the other part only the other. 

Benzophenone was the first clearly observed example of the second 
kind of polymorphic substances (Zincke, 1871). It usually crystallises 
in rhombic forms, which melt at 48° ; occasionally, however, in 
rhombohedra, melting at 26°. These rhombohedra are unstable at 
all temperatures up to their melting-point, for they change, mostly 
spontaneously, and always on contact with a rhombic crystal, into 
tie rhombic modification. They are generally got, but not with 
certainty, by rapidly cooling fused benzophenone heated to a high 
temperature. 

Similar examples of substances with a stable and an unstable form are 
very numerous, the unstable form being mostly obtained by rapid cooling of 
the melted substance. Its melting-point is always lower than that of the 
stable form. 

The difference between the two groups lies in the relation of the 
temperature of transformation to the melting-points of the two forms. 
If the former is lower than either of the latter, there is a range of 
temperature between the point of transformation and the lower melting- 
point, within which the form unstable below the temperature of trans- 
formation is stable ; this gives us the first class. If, on the other 
liand, the temperature of transformation is higher than the lower 
melting-point, there is no such range in which the second form can be 
stable, and we have the second class. 

It is here to be observed that the instability is only to be understood 
^th respect to transformability into the other modification. If the trans- 
formation is rendered impossible in any way (through pressure, for example), 
there is no instability whatever. 

The rate at which the unstable changes into the stable form is extremely 
variable. Proceeding downwards from the temperature of transformation, 
it at first increases in the case of sulphur, then diminishes, to become very 
small at temperatures below 0°. The decreasing mobility of the separate 
particles at low temperatures counteracts the increasing tendency to trans- 
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formation, and finally effects a complete stagnation. Arragonite, for instan 
is very probably a more unstable form of calcium carbonate than calc-spar 
ordinary temperatures ; the change of the former into the latter, howev 
only takes place at a somewhat high temperature and then suddenly, wh 
at the ordinary temperature arragonite shows not the least tendency 
change. 
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VOLUME RELATIONS OF SOLIDS 

The few indications of regular relations hitherto discovered between 
the volumes of solids are quite of *the same nature as those which 
we encountered in the case of liquids. Although the difficulty of 
fixing a temperature of comparison is almost absent, the expansion 
being so small, yet a new difficulty presents itself in the fact that 
many solids appear in several crystalline forms, diflfering always in 
their specific and molecular volumes. We are therefore in such 
cases in a position to institute a proper comparison only when the 
substances to be compared are isomorphous ; if they are not so it is 
impossible to judge b, prion which of the different forms should be 
taken. 

To this theoretical difficulty there is added a practical one. The deter- 
mination of the specific gravity of solids is in itself no very difficult operation, 
the methods with the pyknometer and the hydrostatic balance easily admitting 
of measurements accurate to a tenth of a per-cent. It is, however, excessively 
^lifficult to get the substances, mostly crystals, in a state permitting exact 
determinations to be made. When substances crystallise from solution, the 
^^stals formed very frequently enclose bubbles of the mother liquor, which 
lessen the specific gravity proportionately more the larger it is. In this 
^♦'^y the enormous differences between the numbers obtained by equally 
^nscientious observers are partially explained ; in general we should put 
^ost faith in the highest values for the specific gravity or the lowest for 

specific volumes, and should recollect that errors of several per-cent are 
*l^iite possible in both. 

There is not much more to be said of the older experiments of Le 
^yer and Dumas (1821), Herapath (1823), Karsten (1824), and 
^ullay (1830) than that they established, especially those of the two 

named, that the volume of a chemical compound is in general not 
®9^1 to the sum of the volumes of its components ; there is mostly a 
p^ntraction, but in some cases an expansion occurs. The first regularity 
this, domain was found by Ammermiiller (1840), who noticed that 
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cuproug and t-upiie oxides have the same molecular volume if 
compare Cu^O with Cnfi2' ^ atom of oxygen in ll 

lower oxido occupied as much space as two in the higher. Some othi 
exatnples also eorrespond to a similar regularity, but many exceptioi 
were soou found. 

The question whether the mole^iular volume where m is th 

molecular weight and s the specific gravity of the substance, coul 
be conceived as in the case of liquids to be an additive property wi 
then cjire fully investigated by Kopp (1841), and on the whole answere 
in the affirmative. The molecvdar volumes are approximately sum 
of terms depending on the nature of the atoms or atomic group 
These partial volumes are, however, firstly, not always equal to tb 
atomic volumes of the free elements, and secondly the addenda an 
only constant within somewhat narrow groups, which are for the moi 
part formed of isomorphous compounds {cf. p. 169). 

In the closest connection with this relation stands the "parallels 
sterism" of isoniorphoua groups enounced by Schroder {1B5 9). I 
we arrange analogous salts (e.g. the chlorides, bromides, and iodide 
of the alkali metals and of silver) in a table, in such fashion thai 
compounds of the same element come into one line, vertical on 
horliiontiil, then the differences between the molecular volumes oi 
parallel lines will be constant. Thus we find 

m\ . 37-4 XaCl . 27*1 AgCl . 25 6 

KBr . 44-3 mBr . 33 '8 AgBr . 31^8 

KI , fi4-0 Nal , 43-5 Agl . 42 H) 

where all the iodides, for example, have molecular volumes sotna 
sixteen units greater than the chlorides, and Tvherc the sodium ani 
sflver compounds differ by from one to two units irrespective of th& 
other component* ' 

The sulphates, carbonates, and nitmtes of barium, load, and stmiit 
tium form a similar set^ yet, as has been mentioned, the regularity if 
evidently limited to isomorphous groups, I 

The question as to the relation in which the atomic volumes 
the elements in the free state stand to their atomic volumes in cofll 
pounds has only been very incompletely answered. From the fa* 
that potassium chloride, for instance, occupies a smaller volume (37*4 
than the potjissium contained in it {45 '2) we see that some demerit 
decrease considerably in vohune when they enter into combfuatiot 
The assumption is made by Schroder that the volume occupied in tli 
compounds is a rational fraction of the atomic volume when an, 
condensation takes place. Some facts may be very well represcnta 
by such an assumption, but it is not at present possible to form a clo* 
conception of the statement that a component of a solid occupies 
definite volume wnthin it. 
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If we assume that silver in silver clilorido occupies the same volume as 
it does in the metaUic state, viz. 10*3, then tliere remains 16*3 over for 
the chlorine ; deducting this number from the volumes of potassium and 
sodium chlorides we get the numbers 22*1 and 11*8 respectively. Now, 
the volumes of potassium and sodium in the free state are 45*2 and 23*8, 
which are nearly twice as large as the volumes of the metals in combination 
calculated on the above assumptions. 

Such regularities are limited, however, to small groups of substances. 
Their extension may be expected when the theory of Frankenheim and 
Sohncke regarding the structure of crystals, has been so far developed as to 
allow of definite assumptions being made with respect to the particular form 
of the space net belonging to each crystal and to the nature of the component 
molecules. 



CHAPTER Yll 



OPTICAL PROPERTIES OF SOLlDSi 

Amorphouj^ bodies do not easentially differ from liquids in respect of 
their gettenil optical properties. On the other hand C[mte nev 
phenomena appear with crystals, phenomena having the closest con- 
nection with the general properties of symmetry, as Brewster W 
showed in 18.19. 

Regular crystals behave optically quite in the same manner as 
amoT7jhous solids or liquids, a ray of light being so refracted in tk 
plane contjiining it and the normal to the siuface, that a constant 
ratio is maintained between tlie sines of the angles of incidence and 
refraction. 

Light moves quite differently in crystals not belonging to tb 
regular system, Fresnel (1831) pointed out that the natiue of th& 
medium of the light undulations — the ether — is, in crystals, not tho 
same in all directions. In such a mediiim every utululation is decom- 
posed into two other mutually independent undulations at right 
angles to each other, and proceeding along the axes of greatest and 
least elasticity. Every ray of lights therefore, is in general spht up 
into two when it enters a crystal which does not belong to the rt^^pilar 
system. The mathematical investigation of the equations of motion 
of such a medium has explained theoretically a great number of 
remarkable optical phenomena in crystals, and has even predicted 
some previously unobserved, so that, reasoning backwards, the fundi- 
mental assumptions made have proved themselves completely suited 
to the purpose. The principal results are these 

If we describe a plane containing the axes of greiitest and least 
elasticity, we find that in this plane there are two directions in which 
the rays move at the same speed. Consequently in these directions, 
which are called the optical axes, there is no decomposition into two 
rays. Their position depends on the ratio of the elasticities in thf 
directions of the axes ; they may intersect at any angle, but arc always^' 
symmetrical with respect to the axes of elasticity, so that the lati 
bisect the angles made by the optical axes. If the axis of greats 
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isticity bisects the acute angle of the optical axes the crystal is 
Hed positive, in the other case it is called negative. 

An axis of mean elasticity lies at right angles to the plane of the 
xes of greatest and least elasticity, and its value serves to complete 
he specification of the optical properties of the crystal. This mean 
elasticity can assume all values between the greatest and least 
elasticity. In the limiting case where it is equal to one or other of 
these, altogether new properties appear, the two optical axes then 
coinciding and running in the direction of the third axis of elasticity. 
Instead of the two optical axes we have therefore only one, and 
amultaneously all planes passing through this axis become optically 
equivalent. While in the general case the refracted rays do not 
remain ,in the plane of incidence, in the case of optically uniaxial 
crystals only one ray does not do so ; the other follows the usual 
law of refraction. The former is called the extraordinary, the latter 
tlie ordinary ray. 

If the elasticity in the direction of the third axis also becomes 
qual to the others, the motions of the ether are the same in all 
directions under the same conditions, and no double refraction takes 
place; the crystal is isotropic, and behaves like an amorphous body. 

The three groups of isotropic, optically uniaxial, and optically 
biaxial crystals agree with the three crystallographic groups of regular 
crystals, crystals with one principal axis (quadratic and hexagonal), 
and crystals without a principal axis (rhombic, monosymmetric, and 
asymmetric). In the rhombic system the axes of elasticity coincide 
with the crystallographic axes, and the optical axes lie symmetrically 
with respect to them. In the monosymmetric system two axes of 
elasticity lie in the plane of symmetry, and the third lies at right 
angles to it. The two optical axes, therefore, are also in the plane 
of symmetry, or in a plane perpendicular to it containing the third 
axis. In the asymmetric system no definite relation exists between 
the optical and the crystallographic properties. 

From these relations we can form a conclusion as to the crystallo- 
graphic nature of a substance by observing the optical properties of 
plates cut from its crystals. Light is polarised on passing through 
douhly refracting plates ; if we therefore observe a section of a crystal 
between two tourmalines or NicoFs prisms, we can at once decide 
whether it is cut from a regular crystal or not. If the planes of 
polarisation of the two polarisers are crossed, no light passes through 
the system when the plate of a regular crystal is brought between 
them. If the plate is, however, birefringent it decomposes the polarised 
light from the first polariser into two rays which are in general 
brought by the second polariser into such interference that coloured 
light passes through the system. Therefore if a plate appears 
bright when seen between crossed "Nicols" or tourmalines it is 
birefringent. 
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To diiiin^bh between the different kinrla of birefringent eijstalfi it i 
\mt to iiae platea cut perpondicmlar to an axis of elasticity aud to olmr 

them in coDverj^entliglit- 
We then see coloiiMdj 
figures, the theory d\ 
which is completely, 
knowTi but cannot 
a place here, Optioallj 
imiaxial crystals^ 
the plates tire (!ut 
pendicular to the 
cipal asia, show tht 
coloured rinjjja and black 
cross of FifT. 39. 

Optieally biaxial (apjs- 
talii give the forma m 
Figs. 40 and 41. fhm 
can be decomposed ioto 
four similar quadrauts 
by two dianietera at itgbt 
angles. With rhoialic 
crystals the rings in tk 
dif!erent quad rants are 
eimilttrly colototd ; with tnonosym metric crystals there ia a symmetry of tbe 
colours with respect to only one of the diametera ; with asymmetric crj'fiUila 
the colours are not sym- 
metrical with iiespect to 
either of the diameters. 

There exist in- 
dividual exceptions to 
these general laws ; 
regidar crystals in ]>ar- 
ticular often showing 
double refraction. An 
explanation of this has 
been sought in two 
directions. It has been 
shown that in many 
cases there are internal 
strains in the crystals^ 
causing double ref ruc- 
tion ^ just as this iip- 
pears in amorjjhous 
Ijodies unequally com- 
pressed or expanded. 
In other cases the regular form is only api>areiit ^ the crystals] 
actually so composed of biaxial crystals by twin formation that 





Fig. 41. 
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rtiernal form of a regular crystal is produced. This point, however, 
by no means completely cleared up. 

A specially interesting relation was discovered by Herschel (1835) 
etween crystalline form and the ability to rotate the plane of polarisa- 
ion. Quartz crystallises in hexagonal prisms terminated by six-sided 
pyramids. At the solid angles of the combination there are frequently 
nmcating tetartohedric faces, appearing either on the right or on the 
eft. In complete parallelism with the occurrence of the right and 
left-handed secondary faces there exists the ability of the quartz, to 
rotate a ray sent in the direction of the optical axis respectively to 
the right or to the left, so that we can predict the optical properties 
of a quartz crystal from its external appearance. 

This property in the case of quartz is directly connected with the 
crystalline form ; fused quartz is no longer optically active. All other 
crystals that rotate the plane of polarisation have likewise such asym- 
metrical secondary faces. If they are not visibly developed on the 
crystal, the hemihedric or tetartohedric nature of the latter may be 
made evident by superficial " etching." Sharply defined microscopic 
figures appear which in the case of regular crystals are symmetrically 
developed, while the forms just mentioned exhibit figures with one- 
sided development, either right-handed or left-handed, corresponding 
to the optical properties. 

In these crystals the cause of the rotation of the plane of polarisa- 
tion must lie in the building up of the molecules, since the ability 
ceases with the destruction of the crystalline form by fusion or 
solution. We have already met with substances whose molecules 
themselves must be correspondingly constructed (p. 103). When such 
substances crystallise, they show without exception hemihedric or 
tetartohedric formations, as may be seen if necessary by means of the 
figures obtained by " etching " with a proper reagent on their faces. 
If the optical activity disappears, as in the transformation of tartaric 
into racemic acid, the one-sided development of the crystals of the 
substance disappears simultaneously. 

How the molecules or atoms must be arranged that optical activity 
may be exhibited appears from an experiment made by Beusch (1869), who 
piled up a number of plates of mica (optically biaxial) so that the optical 
princijMil section of each plate was turned always in the same sense through 
50° from the position of that of the preceding plate. Such a pile behaved 
ike a plate of quartz, and was dextro- or Isevo-rotatory according to the way 
Q which the plates were piled up. A similar spiral arrangement of the 
articles is therefore probable in crystals or other substances that rotate the 
lane of polarisation. The theory of crystalline structure on p. 160 admits 
: numerous arrangements of points in which such a spiral order is produced, 
id which might therefore serve as types of substances like quartz or sodium 
ilorate. 



CHAPTER YHI 

SPI5CIFIC HEAT OF SOLIDS 

While engaged in an extensive research on the laws of heat, Duloj^ 
and Petit (1818) discovered one of remarkable sunplicity which thef 
stated as follows; The atonia of all elements havo the sam 
capacity for heat. 

In other words, the product of the specific heat and the atom 
weight is constant, Or^ again, quantities of the different elements I 
the pro|X>rtion of their atomic weights are raised through, the saifl 
temperature by the same quantity of heat. 

The importance of the discovery was at once recognised, 
doubts were soon raised as to its general applicability, especially a 
the undoubted analogy between nickel and cobalt was called i 
question hy the numbers obtained. The research was not completer 
as Petit died shortly afterwards, and Dulong did not again take B 
the matter. j 

F. Neumann (1831) extended the law by applying it to compound! 
His mode of statement is this : The specific heats of substaneal 
of similar composition are inversely as their moleciilal 
weights, or, what is the same things quantities of similarl] 
composed substances in the proportion of their molecula) 
weights have the same capacity for heat I 

Numerous investigations into this subject were then undertaM 
by Regnault (1840) and Kopp {1864). These have in the M 
instance confirmed Dulong and Pe tit's, and Neumann's laws wilhil 
^vide limitSj but have at the same time shown that Ix^th are of on| 
an approximate character. The products of specific heat and atoifll 
weight are equal for very many but not for all elements, the nunibell 
often differing from each other by more than the amount of ti 
experimental error. 

With respect to the relations between the atomic heats of th 
elements and those of their compounds, the principle was enounced 
by Joule in 1S44, after assumptions made by Avogadro, Hermann, ani 
Schroder had been proved erroneous, that the specific heat of a co** 
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)und is the sum of those of its components. To Kopp belongs the 
edit of having proved this law to be of great generality. 

According to him the following elements have a " normal " atomic 
leat, i.e. such a specific heat that when multiplied into the atomic 
weight gives a number nearly equal to 6*4 : Ag, Al, As, Au, Ba, Bi, 
Br, Ca, Cd, CI, Co, Cr, Cu, Fe, Hg, I, Ir, K, Li, Mg, Mn, Mo, N, Na, 
Ni, Os, Pb, Pd, Pt, Rb, Rh, Sb, Se, Sn, Sr, Te, Ti, Tl, W, Zn, Zr. 

A smaller atomic heat is possessed by S = 5*4, P = 5*4, F=5-0, 
= 4-0, Si = 3-8, B = 2-7, H = 2-3, C = 1-8 and Be. Only elements 
of low atomic weight are in this class ; those whose atomic weights 
exceed 30 obey the law of Dulong and Petit. 

For several elementary substances it has been proved that the 
atomic heat increases rapidly with rise of temperature until it attains 
the " normal " value of somewhat more than 6. Weber found this to 
be the case for carbon, silicon, and boron, and Nilson and Pettersson 
for beryllium. Some of the above numbers have not been directly 
observed, but calculated from the molecular heat of compounds by 
subtraction of the atomic heats of the other elements. 

The question of the theoretical signification of Dulong and Petit's Law 
still remains to be answered. In this direction we have to leave almost 
everything to the future. We are evidently precluded from imagining any 
theory of the solid state analogous to the kinetic theory of gases and thus 
we lose a valuable guide. We must from the outset have it perfectly clear 
before us that the specific heat as we ordinarily measure it represents a 
complicated function of internal and external work, the relative amounts of 
which are unknown. Attempts to calculate the work done on heating in 
addition to the mere elevation of the temperature have led to no conclusion, 
as we are in almost complete ignorance of the decisive constants, in particular 
the compressibility. Boltzmann, on preliminary approximate assumptions, 
has estimated the internal work done by the heat to be equal to half the 
total heat communicated. 

With this uncertainty as to the real meaning of the law of Dulong 
and Petit, it is impossible to state anything with respect to the signifi- 
cation of the deviations from it. We can only note empirically that 
the law holds good for substances with atomic weights higher than 
thirty, and may therefore always be applied to such. The law, 
however, has been of great practical importance, as it was until quite 
recently almost the only means, besides vapour density and the periodic 
system, of choosing the correct atomic weight of newly discovered 
elements from among the different possible values. 
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THE CHOICE OF THE ATOMIC WEIGHTS 

After the combining' weights of the different elements have been 
determined {cf. p, IB ei mj.) there still remains the question of how 
to Hx the atomic weights. The former are numbers involving no 
theoretical assnmptioo ; that one imrt of hydrogen combines with eight 
parts of oxygen, or eight parts of oxygen with three of carbon b 
simply the expression of our experience, and we merely use a similar 
expression when we say that the numbers 1^ 8, and 3 are the c-om- 
bining-weights of these elements. 

But now there comes a difficulty. One part of hydrogen can also 
combine with sixteen parts of oxygen ■ and there are, further, com- 
pounds that for one part of hydrogen contain six and twelve parts of 
carl>on, while eight parts of oxygen can unite with six parts of carbon 
as well as with three. With regard to such facts the simple conception 
of combining, or equivalent weights, as they have also been called, 
entirely fails, unless we assume for the same element as many different 
equivalent weights as there arc compounds of it with another element, 
these equivalents being then in simple rational proportions. 

It has already been stated (p, 6) that it was owing to precisely 
this same fact, of two elements being capable of uniting in different pro- 
portions, that the atomic hypothesis was advanced, A s soon iis this 
is assumed there immediately arises the question of atondc weights. 

The atomic weights can either be the equivalent weights of the 
elements or multifjles of them. The first assumption is the simpleslt 
but it gives us no information where we have different compounds ot 
the same elements. In such a case we }jave as guides to start with, 
the two principles of simplicity and similarity which were jointly 
used by Bersselius, the most influential of the early investigittors. 
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The atomic weights were accordingly so determined that the best 
nown and most important compounds received the simplest possible 
^rmulae. The formulae of substances of similar chemical behaviour 
irere then put into a corresponding form. Iron, for example, gives 
mo oxygen compounds which for fifty-six parts of iron contain sixteen 
and twenty-four parts of oxygeh respectively. The simplest assump- 
tion is that in the first oxide equal numbers of iron and oxygen atoms 
are present, in the second two atoms of iron to every three of oxygen. 
If we took the atomic ratio 1 : 1 for the second oxide, the first would 
contain three atoms of iron for every two of oxygen. This seemed less 
ample to Berzelius, for although the formulae of the iron compounds 
themselves would not be rendered more complex, there are a great many 
other oxides similar to the lower oxide of iron which should therefore, 
according to the second principle, all contain three atoms of metal to 
two of oxygen. On the other hand Berzelius gave to alumina the 
formula AlgOg, which, although less simple than the formula AlO, and 
not made necessary by the existence of any other oxides of aluminium, 
is yet to be preferred on account of the great similarity of alumina in 
its combinations to ferric oxide. 

Such decisions are, however, always subject to personal bias. An 
objective mode of deciding seemed possible when Gay-Lussac's Law of 
Tolumes was taken into consideration. The idea that the same 
nmnber of atoms is contained in equal volumes of the elementary 
gases was at first accepted, but this idea came to grief when compound 
gases were considered. If chlorine combines with hydrogen without 
diminution of volume, there must be in one volume of hydrogen 
chloride only half as many " atoms "as there are in elementary gases. 
Avogadro, it is true, soon showed that this difl&culty may be removed 
hy discriminating between atoms and molecules, but his suggestion 
remained long unheeded; Only when the distinction was again 
brought to the front by the development of the molecular conception 
caused by the acquisition of new facts in organic chemistry, did 
chemists come back to this way out of the difl&culty, and accept it 
gladly. 

Another thing, too, that contributed largely to its acceptance was 
the proof given by Cannizzaro (1858) that the atomic weights deduced ' 
from the vapour densities by the employment of the molecular con- 
ception, were, with few exceptions, in accordance with the atomic 
heights determined by means of the law of Dulong and Petit (p. 176). 
The concordance is general, if we except the elements with small 
atomic weight, whose position with respect to the law has already 
been discussed ; the atomic weights of these elements, however, have 
fceen ascertained from the densities of their gaseous compounds with 
such certainty that their exceptional position is of no practical signifi- 
cance, nor indeed has it any theoretical significance as long as Dulong 
and Petit's Law itself is so little understood. 
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A third aid to the systematic arrangemant of the elements 
ofTered by isomorphism. As iRomoqihoos bodies are in 
similMrly couBtituted, we may conversely conclude that similar m 
position exists where we find isomorphism, and so attain the necessai 
tlata for the choice of coiTcct atomic weights. 

These three modes lead as a rule" to the same results, and ki 
made it possible to exercise an unexceptionahle choice from the pa^db 
\^ahiG3j a choice which has been in almost every case generally I 
cepted. Other more recently fliscovered methods have served only ! 
con film the resulting system of atomic %veight&. 

Ill the following table will be found a concise statement of t! 
reasons for the choice of the values presently in use for the separa 
elements : — 

Hydrogen, H = 1, serves as standard. 

Oxygen J = 16, from the proi>ortion by volume 1: 
hydrogen on the formation of water ; from the equality of itB aton 
heat with that of hydrogen in the gaseous state* 

Nitrogen, K ^ 14, from the proportion by volume 1 : 3 to hj^ 
gen on formation of ammonia, and to oxygen in the con-cspondii 
compounds ; from the e(]uality of its atomic heat with that of gaseo 
oxygen and hydrogen. 

Carbon, 12. From the vapour densities of both organic aJ 
inorganic compounds there has never been found a smidler mdeciJ 
weight than corresponds to C ^ 1 2. The specific heat gives no defioJ 
information. 

Chlorine, CI = 35 "46. From the proportion by volume 1:1' 
combination with hydrogen; from the volumes of the cUorl 
compounds. 

Bromine, Br = 79 '96, and Iodine, I ^ 126*86, are perfectly ai 
logons to chlorine in their compounds, as well as isomorphous ivitb 1 

Fluorine, F - 19 is with some uncertainty determined fromt 
analogy with the chlorine compoimds. 

Sulphur, S=32'06, from the vapour density, the volume 
hydrogen sulphide, and from the specific heat. 

Selenium, Se= 79 1, is isomorphous and analogous to sulphur* 

Tellurium, Te=125, is isomorphous and analogous to salpl 
and selenium. 

Phosphorus, P=31'0, from the specific heat (somewhat un< 
tain). From the vapour density of the element itself we shtf 
conclude that it possessed double this atomic weight, but the vap 
density of hydrogen phosphide, on the other hand, gives P ^ 3L 

Arsenic, As = 75, from the specific heat, the vapour density 
the trichloride, and the isomor^jhism with phosphorus. 

Silicon, Si = 2 8" 4. The specific heat yields uncertain infor 
tion : from the vapour density of the tetrachloride, and from 
isomorphism with titanium and adrconium. 
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Boron, B=11'0, from its volatile compounds. 

Lithium, Li = 7 '03, from the specific heat, which is normal not- 
withstanding the low atomic weight. 

Sodium, Na = 23'06). ^, -a ^ 

Potassium, K =39-14 ^^^^ ^P^^^^^ 

Rubidium, Rb = 85*4, is isomorphous with potassium. 

Caesium, Cs= 132*9, is isomorphous with potassium and rubidium. 

Beryllium, Be = 9'10. This element has caused much trouble. 

Corresponding to the low atomic weight, the specific heat is very 

small, and an indubitable isomorphism has not yet been shown to 

exist. A determination of the vapour density of beryllium chloride has 

decided the question. 

Magnesium, Mfi; = 24*38 ) r ,i i. 
n 1 • At\ t\ r froni the specific heat. 

Calcium, Ca = 40*0 J ^ 

Strontium, Sr = 87*5 is isomorphous with calcium and lead. 

Barium, Ba= 137*0, is isomorphous with calcium, strontium, and 

lead. 

Aluminium, Al = 27, from the vapour density of the chloride 
and from the specific heat. 

Gallium, Ga=69*9. The vapour density of volatile compounds, 
the specific heat, and isomorphism all lead to the same value. 

Scandium, Sc = 44*l, from isomorphism with aluminium. 

Cerium, Ce=140 ^ 

Lanthanum, La= 138*5 Vfrom the specific heat. 
Didy.mium, Di=140(?)3 

Yttrium, Ytterbium, and the other metals of the rare earths, 
from analogy and isomorphism with cerium, lanthanum, and 
^idymium. 

Iron, Fe = 56*0, from the vapour density of the trichloride, the 
specific heat, and its isomorphism with calcium. 

Cobalt, Co = 59 1 from the specific heat and the isomorphism 
^Nickel, Ni = 59 J with iron, etc. 

Zinc, Zn = 65*5, from the specific heat, isomorphism with mag- 
•lesium, and the vapour density of the metal and its chloride. 

Cadmium, Cd = 112*1, from the specific heat and vapour density. 

Copper, Gu = 63*3, from the specific heat and isomorphism with 
iroti, etc. 

Silver, Ag= 107*9, from the specific heat, and isomorphism with 
sodium. 

Mercury, Hg=200, from the specific heat, and the vapour 
^^Hsity of the metal and its halogen compounds. 

Lead, Pb = 206*9, from the specific heat and the vapour density 
the chloride : also isomorphous with calcium, etc. 

Thallium, Tl= 204*1, from the specific heat, the isomorphism 
^tix potassium, caesium, rubidium, and from the vapour density of 

monochloride. 
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Titanium, Ti = 48'l, from the vapoiir density of the chloride 
the iaomorphism with silicon and tin. 

Zirconium, Zr=907, from the vapour density of the chloridi 
and the isomorphism with silicon, titanium, and tin. 

Tin, Sn= 118*1^ from the specific heat, the vapour density of tbi 
chloride, and the isoraorphiem mth silicon, titanium, and zirconium 

Thorium, Th = 232'4j from the si>ecific heat and the isomorphisni 
with zirconium. 

Yanadium, Vd = 51-2, from the vapour density of the chloi 
and oxy chloride and the isomorj)hism with phosphorus and arsem'c 

Niobium^ Nb = 94-2, from the vapour density of tlie chloride! 
and oxy chlorides. 

Tantalum, Ta= 182*8, from the vapour density of the volatile 
chlorine compounds. 

Antimony, Sb=120"3j from the specific heat, the vapour derisiiy 
of the chloride, etc., and the analogy to arsenic. 

Bismuthj Bi = 30S 0, from the specific heat, the vapour density 
of the chloride, and the analogy to arsenic and antimony, 

Chromium, Cr==52-3, from the specific heat^ the vapour density 
of volatile compounds, and the isomorphism vrith iron, sulphur, etc. 

Molybdenum, Mo = 95*9, from the specific heat (doubtful), the 
vapour density of volatile compounds, and the isomorphism ynth 
chromium. 

Tungsten, W=^184'0, from the specific heat, the vapour density 
of the chlorine compounds^, and the analogy with chromium 
molybdenum. 

Uranium, U = 239'4, from the specific heat, the vapour density 
of the halogen compounds, and the analogy with chromium, etc. 
Gold, Au= 197-3 

Platinum, Pt =194.8 



Iridium, 
Osmium, 
Palladium, 
Khodium 



Ir =193-2 
Os-192 
Pd-106 
Rh=103 



from the specific heat. 



Euthenium, Eu= 103-8 

In this table only the most importiint data are collected j a larg« 
number of other confirmatory rektions have been left withoul 
mention. 
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THE PERIODIC LAW 

The most striking confirmation of the propriety of the above selection 
of atomic weights is formed by the regularities appearing when the 
elements are arranged according to the magnitude of the atomic 
weights so chosen. The relations have been already shortly indicated 
(p. 35), and now form a fourth and very important means of 
determining the true from amongst the possible atomic weights, having 
given a decisive answer in many cases where the other methods failed 
or were ambiguous. 

To complete what has been already said with regard to them, we 
shall now consider a few properties of the elements and of their com- 
pounds in their relation to the periodic system. Besides the dis- 
coverers (Meyer and Mendelejeflf), Carnelley in particular has instituted 
investigations in this direction, and at pres ent it may ba .said that 
almost every well-defined and comparable property appears as a 
p^ndifi fnnfitinn o f the atomi g weight. 

As to the chemical properties, all that is needful has already 
been stated. Of the physical properties of the elements, the atomic 
volume shows the periodic variation most clearly, as was first indicated 
by Lothar Meyer. In Fig. 42 the atomic weights are the abscissae, 
and the atomic volumes the ordinates, the points being connected by 
thick lines. As we see, the curve appears as a series of undulations 
always growing larger as the atomic weight increases, and exhibits 
the periodicity in the most marked manner. The elements with 
similar chemical properties are found at similar portions of the curve ; 
thus the strongly basic alkali metals are always at the maximum 
points, while immediately before tliem on the ascending portions the 
strongly acid-forming halogens find their place. After them, on the 
descending portions of the curve, lie the metals of the alkaline earths, 
the metals of the earths, and so on, always with diminishing basicity, 
while the ascending parts are occupied by the elements with a more 
acid-forming character. 

A second property of equally pronounced periodic character is the 
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Fio. 42. 

Tlie thick line denotes atomic volumes, the thin line melting-points in the absolute scale, 
ordinates of the atomic volumes are multiplied by four, the ordinates of the melting-p 
divided by seven. * This point should lie 66 di\isions Wgl 



CHAP. II 



THE PERIODIC LAW 



185 



melting-point. The corresponding curve is given in Fig. 42 by the 
thin lines. The undulations are here nearly midway between those 
of the atomic volume, and show a double periodicity, being alternately 
large and small. 

Further regularities of a periodic nature have been observed with the 
following properties : — molecular volume of the .oxides (Brauner and Watts, 
1881), refractive power, heat of formation of the chlorides, bromides, iodides, 
etc., conductivity for heat and electricity, colour, etc. It is unnecessary to 
enter further into these relations, as the regularities have for the most part 
no general character as yet, and nothing new is to be learnt from them. 

It must also be emphasised that the regularities, so far as they are 
known, are far from having the sharpness and definiteness desirable. 
They are not of such a character that one can calculate the properties 
of an element from those of its neighbours; a rough estimate only 
can be formed. This of course in nowise diminishes the value of the 
general principle ; it only renders evident that important problems are 
here still awaiting their solution. 

Such a problem is the obvious attachment of certain elements to different 
groups. Thus chromium, from its decidedly basic monoxide, should go with 
zinc and magnesium ; from its alum-forming sesquioxide, with aluminium and 
gallium ; while from its acid -forming oxide it ought to be classed with 
wiolybdenum and tungsten : only the last analogy has found a representation 
in Fig. 42. Copper, by its lower oxide and its insoluble lower chloride, is 
^ioubtless related to silver, but mercury from the next group and thallium 
from the third are much more nearly allied to these metals than sodium or 
gold ; while, on the other hand, cupric oxide would serve to place copper 
^ong with magnesium and zinc. Manganese, corresponding to its different 
^^grees of oxidation (MnO, MngOg, MnOg, MnOg, and MugOw), could be 
^^Ught into five distinct groups. For these and numerous other facts no 
^^pression is ^ven by the periodic system. 

It must be further borne in mind that the elements with lowest 
^tiouaic weight have quite an abnormal character. Mendelejeff has 
^lled these the "typical elements," a name signifying just the 
Opposite of what is really meant, for these elements are by no means 
typical of the groups whose first members they constitute, but rather 
^ho^ a decided tendency to assume the properties characteris- 
^^<5 of the next following groups. Lithium, for instance, forms 
^ sparingly soluble carbonate and an easily soluble bicarbonate, thus 
^^sembling the bivalent metals of the alkaline earths, and not the 
Petals of the alkalies. Beryllium in its behaviour is so like aluminium 
^^at until the determination of the vapour density of its chloride it 
^aa considered by many chemists as a trivalent element. Trivalent 
^ron, again, in the free state as well as in its compounds, is like no 
other element so much as quadrivalent silicon. Fluorine is distinguished 
W forming compounds in which it behaves like a bivalent element. 
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The periodii hkvr is ouee more unaUe u> .^ire Tarirnuil -expiamiiaii 
of thane jM^cuiiuritHst. 

Tile dili«l^tve^ betw«ei: tlii- pro^fiBBm- jmmezica] TalBe? nf tJie Msmnk 
weigklib lu-e uv iir> lifeeaiis tkr saim:. but Tsry as jnnch as cent ^per t-^^ Thk 
is the ca^e walL eifuueni^': wiioee smmic -weigte Jisve been sc -essctk 
deteruLiueu tiia: Hitr liope of laser TffywAii.twg brm|rn!;T tke lEcable^ xc «gn»l 
distances apuft. caunot ht entenamfid. It just. .h uwcvgi , be 3>QBEible ~tic tdasi 
tlitise irregokritkis inu» a rtdatian of nmtoAl depenidfinee "with ct^^er^ knimn 
U) ^jjfit. aud tiL> diaeover a Is^ legnifitang them. TThe ^penodir ^s^c^aan 
leaves at prmait tlie iiupFesfiiaii that the -^aaenis are scBBOTriiar iree^ukih- 
fl4;atteied iii a regular scheme, ec- that thenr in same Twarr do hck anise iisill 
into theii proper phtcat. 

Ill fipiie of this, however, we must rust kmttstxt ~t£i aa^oMw^Mgt 
that the di^v^rr of the properties of the «k»fnBB md of 
ccMnpaiable ^ompouodF being periodic fmtctiaQB of ^tkeir grnmir ^m^bs^ 
is ojoe of the most impon^t steps made hr scientific tdtemBGnr a 
late tiiueB. The priuciple ha^ stood Ihe ^est hoth in prediiaM if 
the ]M*op^ies of elements at the time nndiseovsred, and in lie 
indication of errors in the aitomic wei^ns previoBsh- acceptad. W« 
muflt a^ic emphasis the intimate connectian berween lihe penA 
8Vflteni and the other pounds for xhe choice of the Teal fOomic 
£v6ry attempt to iind i^Tnilar relations in otiisr systems fi 
weightb — 'Giuelin s equivalents,' for example — ^has provad ahnrtare, 
*j9 that the periodic law stands, a means of dei^erminiiig iJ» W 
atomic weights, on an equal fcKitin^ with isomorphism, ife hw of 
Duloiig and Petit, and the law of Avogadra 
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THE MOLECULAR THEORY 

iiscussing the properties of aiibstancea separately, we have repeatedly 
fcrtcd to theii" threefold character. Some properties suffer no 
pge through the process of chemical combination ; they are entirely 
jtepeiideut of the state of the element^ and their values in compounds 
t therefore, equal to the sums of the corrcspontihii; values in the 
pprment elements. These are the a d d i tl v c m ou c r ti v , the most 
ftVng example being mass, which t hr ougJi^ F chcm i cal change remains 
kstant. The specific heat too is essentially additive ; and molecular 
jhiine and molecular refraction have also m the main an additive 
pacter — here, however, the properties of the elements do not always 
tier into those of the compounds with the same value, but assume 
jiaumher of different values according to the chemical function the 
fements perform, 

■jAoite different from these properties are those which w^e have 
wm. e oUjgatisie (p. 58)- They always retain the same value for 
wtain complexes without regard to the more or less composite nature 
I these ; of a summation there is here no trace 

While the additive properties have given rise to the atomic theory 
the assumption that in chemical compounds the elements exist as 
in pai^ticular w4th unchanged mass- — the colligative properties 
ftve dra'^vn attention to the complexes for which the properties in 
[iestioii assxime equal values, and thus have led to the molecular 
^ory. At the foundation of this there lies, as has aheady been 
^plained (p. 58), the assumption that substances, as known to us, 

tiomposed of definite and like groups of constituent atoms, a more 
Itimate mdon existing between the atoms within these groups or 
Wecules than between the molecules themselves. The colligative 
^'perties appear w^henever these proximate components of matter act 
* virtue of their number and not of their nature. 

The first and best known case of this is the volume of gases. It 
^ been shown above {p. 64) how the l>est and clearest hypothesis 
the nature of the gaseous state, the kinetic theory, of uecessity 
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leads to the eonclusion that, under the same conditionsj there is 
equal voliuues of giises the same numbtT of molecules. We r 
confidently predict that any future hyi>othesia as to the nature 
^ses, however greatly it miiy differ from the present one, iriU stiJl 
in agreemeiit with it in this particular point. 

It is not only the physical hebaviour of gase?, however, that has made 
aBEumptititi of the molecular theory seem expedient. Formerly, wlieu * 
appeared a matter of course to aissunic the existence of single atoms of 
elements in gaseona oxygen and hydrogen, there was no answer to the f^ueati 
why the two gaeeB should not immediately comhine to form water wh 
they nre mixed. In the aanie way, the activity of the elements at th 
mouient of libemtion — in the " nascent state — bo different from tir- 
ordinary chemical activity, remained a fact no less remarkable than i 
explicable. Xowadaya, when there is ascribed to the " free elements? a aiol 
cnlar stale in which, generally speaking, two or more atums are united to e ' 
other, both these facts and mariy othei^ i-elated to lliem find a aatisfact 
explanatusn. When oxygen and hydrogen are to combine clieniically, ih 
work of separating the two atoms in the molecule has tirst to be done befo 
the liberated atoms can seek new positions of equilibrium. If the atoma^ 
the other hand, are separated as such in chemical processes, e.g. m the acti 
of sodium on water (Na + H^O KaOH + H), tMs work has not to be p 
formed, so that the liberated atoms can freely exert their chemical affiait 
on other atoms or atomic groups in their neighbourhood. This is what 
call the nitacent state. 

T he mo leculaT conception, finally, Las proved to be exceeding 
useful in systematising the organic compounds, having b ecom e-ati^t 
utmost importance for the compLehension of the ni at rial relations 
tliese bodies, composed of but few elements in ilie most v^u'icd 
portions. As, in t&e choice of the at^>mic weights, it was tii'st attempted 
to ciiTty out syatematlcally the principle of equivalents, which slowl 
yielded to the present system only after the law of mid ti pie propor 
tions had again and again blocked the way, so in organic chemistry 
the simplest formula:! alone were at first employed. Not hefo 
Graham's and Liebig's investigations on poly basic acids, Williamson' 
classical proof thiit two alcohol radicals are contained in the ethei% 
and Gerhardt and Laurent's demonstration that a comprehensive and. 
consistent system of the organic com|>ounds was possible by referrin 
the formulas to equal volumes in the gaseous state^ did the molecula 
theory finally force its way into chemistry. It w^as at last accept" 
by all chemists (with the exception of an ultra-conservative school 
France) when CanniEzaro proved that the assumptions necessaril 
made by the molecular theory were in perfect agreement with 
results obtained from the law of Dulong and Petit, 

The present task of special chemistry, as will be explained in t 
next chapter, is to determine the constitution of chemical com]xnm 
After the chemical composition and the empirical formula have be 
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fixed, i.e. the simplest number of atoms which will represent the pro- 
portions obtained, the first step towards accomplishing this task is 
the determination of the molecular weight. Until a short time ago 
there was only one means of ascertaining this, viz. by determining the 
vapour density. This means could evidently only be applied to vola- 
tile substances, and was often therefore useless. 

We see, however, at once that the problem can be solved by 
measuring any coUigative property, for all colligative properties 
assume the same value for equimolecular quantities of different 
substances. If we thus determine how much of the substance with 
unknown molecular weight is required to give a value of any colli- 
gative property equal to that given by a known quantity of a substance 
of known molecular weight, then these quantities must be in the ratio 
- of the two molecular weights. 

Colligative properties are only known in ga ses and so lutions ; they 
have not hith erto been observ ed in pure liquids! This Is quite com- 
pretiensible, for properties conditioned solely by the number, and not 
by the nature of the independently existing complexes, can only be 
observed under conditions where the special properties of the com- 
plexes or molecules are dormant. The first condition is evidently 
that the molecules be separated by a sufficiently large distance, a state 
.only realised in gases and solutions. We have consequently no 
prospect of ever meeting with colligative properties under other 
conditions. By this is not meant that the determination of the 
molecular weights of pure liquid substances will always remain 
impossible. We may come to know them, only we must employ for 
. this purpose properties not colligative. 

To determine the molecular weights of dissolved substances the 
colligative properties discussed on pp. 127-140 may all serve, — thus, 
% osmotic pres sure, th e lowering of ..the vapour pressure and of the 
freezing-point. The last-mentioned is now experimentally most 
developed ; a determination of the molecular weight by a depression 
of the freezing-point is much easier and more rapid in the execution 
than a vapour-density determination, for example. 

The question here arises, in what proportion the molecular weights 
detennined according to the different methods stand to each other, in 
particular whether they are identical. A somewhat comprehensive in- 
vestigation undertaken by Beckmann (1888) showed that the results 
obtained by the method of freezing-point depression are in close agreement 
with those obtained from the vapour density. In one or two cases, where a 
tendency towards the formation of double molecules is seen in the vapour 
density, e.g. acetic acid, it appeared that different solvents act differently. 
Dissolved in water, acetic acid exists as normal molecules CgH^Og, in benzene, 
on the other hand, it forms double molecules. The water therefore acts on 
acetic acid like a high temj)erature, the benzene like a low temperature. 
Again, for non- volatile substances, whose molecular weights had hitherto only 
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been iiifemeii from the chemical fefl/etionfi into which thej entemi, | 
values ubtain<?d fsrtm the depression of the freezing-point were alzu4 
without excj^ptiow i<kriticiil witli thme obtainetl on chemii-al ground^ so tl) 
the met hot! hoUs ^o^kI on all siJea. It should be olji^er^'ed that wh^at, 
tandencj to the formntion of double molecnlea is present, as it m in mac 
compounds contftiiiitig hydrosyl, effect ii much more compleUsly given 
Ihts tendency in l>en2ene ^Itition^ than when the fiubstance h dlssulved i 
wateFj ace lie acid^ or phenoi. 

By the discoverj^ of the colligative chamcter of the properties i 
solutions jost meEtionod, the possibility of detennining the molecoli 
weights, formerly confined to volatile substances, has been enormousl 
increased, for now it extends to all soluble substances, Le. to ahn« 
all that come into the chemist's hands. We see at once how mad 
the investigatioii of imknowri substances is advanced hy this. If till 
molecular weight of a new IkkIj is known, the |x>ssibilitie3 of it 
rational constitution suffer an immediate and great limitation, so tiui 
a choice is materially facilitated. 

Little is as yet known concerning the molecular weights of pari 
liquid substances. Many chemists are inclined to assume that ths 
liquid molecules are comjiosed of a comparatively large number of gai 
molecules, so that if M denotes the gas molecule, the licjL^ud moleculfl 
would be represented by (M)„. This is undoubtedly the case witlt 
bodies such as acetic acid w^here the tendency to the formation d 
double molecules is already present ; liquid acetic acid very probabJf 
consists of molecules having the formula (CgH^O.,)^. With otherj 
liquids where this tendency does not exist in the vapour there is noJ 
ground for assuming such complex molecules, and w^e shall alwttjsi 
come nearest the truth, as far as our present knowledge of the suljjeet 
goes, by supposing the molocnles of the liquid to have the same com-' 
[josition as those of the vapour. In one Gise w^e might seem to have*! 
direct proof of this assumption, namely, in the vapour pressiue ofj 
solutions. As the vapour pressure (p. 132) depends on the number o£^ 
molecules of the dissolved botly and of the solvent, there is apjiarentiy: 
a method offered for determining the molecular weight of the one suIk 
stance when that of the other is knowm. Such a conclusion is not, 
how^evcr, justified, for in this case only the number of raolecnlL'S' 
leaving the liquid to become vapoui^ is taken into consideration, and, 
not those which remain in the liquid. | 

Thti iiKileculat' weiglit of Bolide ^itill remains an misolved problem. Tt^ 
only tliiTjg that can be said with any degree of certainty is that the niiile^ule* 
are probably of a comparatively complex character^ Sul])]vur, even ha a gft% 
contains at temperatures below a bright red heat six atoms in the molecule 
as it liquid and a solid certainly not less. The fact that several elemeii^t* 
can exist in so extraordinarily different allotropiu forms as carbon in cls^^ 
coal, graphite, and diamond, or phosphorus in the red and yellow modift^^ 
tiona, cannot in the light of the molecular theoiy be otherwise interpreted 
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baa by the assumption of more or less composite molecules in the various 
bnns. 

When allotropic solids are brought into the liquid or gaseous state, 
not a trace of difference between them is left. The vapour of red phos- 
phorus is identical with the vapour of yellow phosphorus, and a solu- 
l^tfon of rhombic sulphur in carbon disulphide is in no respect different 
^f^om a solution of similar composition made from monosymmetric 
:.8Qlphur. Conversely, from the same solution, e.g. one of nickel 
^^^wlphate supersaturated by cooling, any one of the different forms of 
^'the salt may be obtained by the introduction of a fragment of the 
l -Wresponding crystal. The so-called physical isomerism thus occurs 
\ ttdufiively in connection with the solid substance, and disappears 
■ whenever the latter assumes another state of aggregation. 

For these reasons the attempts frequently made to deduce the crystalline 
form of chemical compounds from their elementary composition have all 
proved fruitless. The crystalline particles are obviously only in exceptional 
cases identical with the molecules. 
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THEORY OF CHEMICAL COMPOUNDS 

Of the numerous questions concerning the nature of chemical com- 
pounds, Dalton's atomic hypothesis only answered one, that, namely, 
which asked whether or not the elements exist as such within them. 
The answer was affirmative. Chemical compoimds are complexes 
formed by the conjunction of elementary atoms. 'The facts and 
theories in the first two chapters of Book V. gave us information as 
to the relative mass of the atoms ; the molecular theory and the 
observations on which it is founded made us in certain definite cases 
cognisant of the number of atoms in such complexes. In the present 
chapter we shall be occupied by the mutual relations of the atoms 
within the molecule. 

This problem is of course purely hypothetical, for the existence of the 
atoms themselves is only a hypothesis. But based on this hypothesis a 
theory of great fertility has been developed, and — apart from metaphysical 
scruples about the atomic theory, which for the most part rest on misappre- 
hension — there lies in the results already obtained a guarantee that further 
advancement of the theory will lead to results equally serviceable. This 
advance may not be made by assuming any arbitrary forces and properties, 
but must come directly from the fundamental assumption that the atoms 
are finite, and, for the same element, similar bodies. But as every finit* 
quantity of matter occupies a position in space which is definable with regard 
to other material particles, the question as to the relative position (or motion) 
of the atoms in the molecule is scientifically justified, and must be put sooner 
or later by the atomic theory. 

As a matter of fact the question is as old as the theory itself ; 
from the time that compounds were conceived as being composed of 
atoms, chemists have endeavoured to obtain a clear idea of the mutual 
relations of these components. 

The first theory of chemical compounds is due, as we know, to 
Berzelius, who founded it on the phenomena observed by him during 
the electrolysis of salts. He saw that the acids of the salts of the 
alkalies (chiefly studied by him) collected at the copper pole and the 
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>ases at the zinc pole, and so, according to the old principle of Stahl, 
hat a body consisted of those things which by their union gave it, 
ind which on its decomposition were re-formed, he concluded that 
acids and bases were the components of the salts. The known acids 
and bases on their combination always produced water in addition, but 
this was supposed to be pre-existent in them, playing the part of a base 
iu the acids, and of an acid in the bases ; the real acids and bases were 
the known substances minus this water. 

The same principle was at once extended to all other groups of 
bodies. Oxides too could be decomposed electrolytically, giving on 
the one hand oxygen, on the other a metal. Berzelius therefore 
looked upon compounds quite generally as being formed of two parts 
which were held together by electrical attraction, and could be 
separated by electrical forces. In this way arose the electrochemical 
system, according to which the binary arrangement holds good step by 
step in the most complicated compounds. Alum, for example, was 
supposed to consist in the first instance of potassium aluminium 
sulphate and water ; the latter was a binary compound of oxygen and 
hydrogen, the former of aluminium sulphate and potassium sulphate. 
Bwh of these salts again consisted of sulphuric acid (SO3) and a 
metaUic oxide, and these two components finally were composed of 
oxygen on the one hand, and sulphur or a metal on the other. 

This view, in principle so clear and simple, proved exceedingly 
useful although its foundation was false. Potassium sulphate, as we 
now know, splits up on electrolysis, not into KgO + SO3, but into 
Kg + and the principle of the dualistic theory of Berzelius, that 
only compounds of the same order can unite to form higher com- 
pounds, is contradictory to the fundamental phenomenon from which 
it was deduced. 

In spite of this fundamental error, the electrochemical theory has been 
of the greatest importance in the development of chemical science. By 
giving a list of substances arranged according to their electrochemical 
tension, Berzelius laid the foundation of the science of comparative affinity ; 
vhile the easily understood and rigorous system rendered possible by the 
theory has eminently advanced the study of chemistry. Even after the dis- 
covery of the error contained in the conception of the process of electrolysis, 
the theory did not fall to the ground, but remained until its inapplicability 
to a class of compounds not known at the time of its development was made 
evident This class is formed by the non-electrolysible organic compounds. 

The electrochemical theory had not much to do with the " topography 
of the atoms." Beyond the assumption that in the oxygen-salts a part of 
the oxygen is contained in the base and a part in the acid, it scarcely re- 
quired any other. It should only be mentioned that according to this theory 
each complicated compound was composed of atoms and groups of atoms 
held together by gradually weakening bonds, so that the binary members 
within the complex through their more powerful internal connection led a 

O 
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MTt of iJiobted and independent eTift^-nce. Here we aee the germs of die 
laUsr dirr*;l/^ped theory of ra^iicals. 

An eariM^t comnderation of the r^tive poeitioii of the atOTOs ni 
th« moleenle only became requudte when feeta were made known 
that conUJ not be otherwise explained by the atomic theory thaa. 
through diflTerent arrangement of the atoms. This is what is caJIed 
iJiom^rium, 

When Wohler in 1825 analysed cyanic acid, and Liebig in 1824 
fulminic acid, it was discovered that both chemists had fomid the same 
comprjdition for these undoubtedly different substances. Berzelios, 
who comparefl the researches in his JahregheridU indulged in sevoal 
speculations as to the manner in which one or other of the investi' 
gators could have fallen into error, for that two so different substances 
could have the same composition appeared to such a degree miHkely 
that the possibility was never entertained. 

However, in the following year, Faraday in the course <A an 
investigation of the hydrocarbons which had collected in cylindffs 
used for compressing coal-gas, found besides benzene, a gas (butylene) 
having the same composition as the well-known olefiant gas (ethylene), 
but twice as great a spedfic gravity in the gaseous state. Berzelius 
familiariserl himself gradually with the idea that in reality substances 
of the same composition could have different properties, and called 
att*;ntion in his turn to the two distinct gtanrnV nYiHpg Almost 
every year now added to the number of new substances of the same 
composition with different properties, until finally in 1830 the racemic 
acid discovered by Kestner proved to be in every respect similarly 
composerl to ordinary tartaric acid, although in its solubility, the 
crystalline form of its salts, and in its reactions it differed indubitably 
from the latter. 

BerzeJiiis then made the recognition of identically composed 
substances wftk different properties the general possession of science 
by giving it the name igomerism . He soon too distinguished between 
different kinds of this ; for such compounds as Faraday 's hydrocarbons, 
which contained the same elements in the same proportions, but a 
different number (multiple) of atoms, he introduced the na me poll' 
meric, while such substances as contained the same number>«'fatoms 
merely differently "arranged," he called metameri c.>< ^ese very 
suitable names remain in use at the present day. 

The fact of the existence of isomerism has been of the greatest 
significance for the theoretical form taken by chemistry, for from it 
followed that not only the number and nature of the component atoms 
were of decisive influence in what concerned the properties of a 
compound, but that there was something besides — something hypothe- 
tically vdiivrcd by Berzelius to the atoms being "placed together in 
different ways." This view was retained in the whole of the coming 
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development of the conception of isomerism, and at first took the 
form of the assumption of different " radicals " in the compounds. The 
assumption, it is true, was not made to explain the phenomena of 
isomerism ; quite other facts caused this development of the electro- 
chemical doctrine, but many cases of isomerism could be conveniently 
explained by the difference of the radicals. 

During the great research of Liebig and Wohler on benzoyl (1832), a 
number of substances came to be known which all contained the atomic 
complex C7H5O, and were derived from the same original material. A special 
r61e within the compounds was credited to this unchanged portion ; its 
atoms were supposed to be held together by stronger forces than those 
which bound the variable components. Here was the theory of radicals ; 
those more stable complexes played the same port in complex compounds as 
the elements in simpler compounds ; Liebig eve n yygnt. the Ifiingth of Btnti'n£; 
to these radicals were the true elements of ^rgamc^chemi^ By the 
heroic investigations of Bunsen on cacodyle,'and the supposed isolation of 
ethyl by Frankland, so much was adduced in favour of the theory of radicals, 
that it generally came to be considered the only true form for the conception 
and representation of the nature of chemical compounds. 

The want of clearness in the theory as to the character of the stronger 
or closer binding of the atoms within, the radical, and as to how far this 
differed from the binding of the radicals amongst themselves or with other 
atoms, was at that time not felt, because then the problems of chemical 
affinity never entered into any one's mind at all. Indeed, several chemists, 
following the example of Berzelius, expressly assumed the existence of a 
special sort of union different from the ordinary kind, and this they dis- 
tinguished as " pairing " or " coupling." 

While the theory of radicals grew out of the electrochemical theory, 
and merely applied its fundamental conceptions without alteration 
^ the new units, another mode of viewing the facts came more and 
Diore to the front, and was always receiving fresh support. It was 
advanced by Laurent (1839), alternately taken up and dropped by 
Dumas, and fiercely combated by Berzelius, although it finally proved 
^ be perfectly justified and in the highest degree fertile. This was 
tie idea of substitution, the notion that single atoms in a compound 
could be replaced by others, the new substance still remaining analogous 
^ the original compound. Such observations were first made on the 
action of chlorine upon organic compounds containing hydrogen ; a 
particularly pregnant example being found in trichloracetic acid (dis- 
covered by Dumas), in which three hydrogen atoms of the acetic acid 
*^ere replaced by three chlorine atoms. The close relationship of this 
icid to acetic acid was especially noticeable in its retransformation 
nto the latter, a reaction discovered by Melsens. 

The new theory contradicted the electrochemical theory in two great 
oints. Berzelius could not admit that " electropositive " hydrogen was so 
iplaceable by " electronegative " chlorine that the similarity of the two 
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compuiind;* could Ise preserved, Oii the other hand, the assumptiQajL™ 
Bubstitution— uf the entrance of one atom iuto the place of another, "^^^^l 
direct i!ontradiction to the electrochemical principle of binaiy arrangeinlH 
Both thtim pointa w«re energetically emphaaiaed by the upholders of wM 
theory of anlj.^titution. The ILrat led to the proposition j that the " positioi^ 
' alone of an atom — not its nature— was of influence on the propertiej of tk I 
compound. In this form the proixveition w certainly not true, and at once I 
exiierieuced opitositioiL A. W. Hofmanu was soon able to ghow from 
bromine sjubslitution prodocts of aniline, that according to the positia||H 
the bromine its properties ft-eqneutly appeared very ranch weiikeued iu bI|H 
influence^ although Uiey never diaappeared altogether, | 
Wbile a compromise eould here be made between the new and the I 
old views, the idea of the unitary eonatitutiou of chemical compouadi I 
obtained a complete victory over the binary constitution* This reform wij 
in agreement with the conception of the molecule aa described above, 
led to th^ &etting up of molecular schemes, the chemical types, ^liichi^ 
shall shortly consider more closely. I 

The law of substitution meanwhile was more and more extended I 
It was recognised that not only chlorine, bromine, and iodine could I 
replace the hydrogen of organic compounds, but that compound I 
radicals posse ssod the same property. Here the radicals of the old I 
theory are represented as the true substitnents, as was especiaOy I 
perceived by Hofmann and Wurtz from theii* study of the sul> I 
stitut^d ammonias. At the same time the way was prep^i ^^l for th e I 
distinction bet ween atom and equivalent : one atom of oxygen doei I 
not replace one but two atoms of hydrogen on substitution, and hsjs I 
therefore twice tbe substituting value of the latter. I 

DtimaSj on taking up the idea of substitution, soon carried it, afl I 
was Ms wont, to its extreme consequences, assuming that only ti^ I 
arrangement, and not the nature of the atoms, determined the pro- I 
perties of the compounds- The task therefore of finding the principal I 
types lay immediately before him. His attempt tn fix them 
however, unsuccessful. 

It was the later researches of Williamson on the ethers, and of 
Hofmann and AVurtz on the organic ammonias, that enabled G^tb*^ 
and Laurent to put the idea into a practical form. According to 

them all compounds welx derived from the types of hydrogen jj j i 

H } H ) i 

hydrochloric acid ^| | y water j£ J ^ ammonia H N, by the re- 
placement of their hydrogen atoms by other elements or radicals. To 
this scheme Williamson added that of the double and triple ^^con- | 
densed" types, and Kekult^ introduced mixed" types formed by 
uniting two or more different simple types. In these last attempts 
bring the schemes into harmony with the facts^ we already find a factor 
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licli later on became of great importance. In order that the two 
3ups in condensed or mixed types might be held together, an atom 
radical had of necessity to be present which could take the place of 
70 hydrogen atoms, and which thus formed the connecting link, one 
rdrogen atom in each group being replaced by it. Here, then, there 
)peared for the first time the conception of the polyatomic radical 
• element as the condition for the holding together of the molecule. 

The classification of compounds according to types was of the greatest 
je to science, for it gave a convenient survey of a large number of substances 
ready known, and indicated methods for preparing new bodies. Never- 
leless it was, on account of its purely formal character, no real theory of 
lemical compounds. Gerhardt, its founder, was quite clear on this point ; 
e again and again reiterated that his formulae were only to be looked on as 
mctional, not as constitutional. Soon too the theory proved unequal to 
le task of keeping up with the progress of science. 

The system of types was by no means generally accepted, for the chief 
ipresentatives of the theory of radicals (who admitted the law of substitution, 
nd by its means widened the old views) , kept strictly aloof from it. In 
articular, Frankland and Kolbe sought to arrive at a proper understanding 
f chemical compounds in quite another way, which took better into account 
he nature of the elements and the analogies with inorganic compounds, 
^us Kolbe was in a position to predict the existence of isomers amongst the 
Icohols, where in the system of types there was only room for one sub- 
tance ; and not only did he prognosticate their existence, but also their 
•eliaviour. A few years later Friedel discovered secondary propyl alcohol 
nd confirmed Kolbe's prediction. 

A case of isomerism had thus again shown the necessity of going 
leeper into the problem of chemical constitution. The guiding idea 
vas found by Frankland. In the course of his researches on organo- 
netallic compounds (1852) he observed that one atom of zinc, arsenic, 
mtimony, etc., had its combining tendency always satisfied by a 
iefinite number of univalent elements or radicals, of whatever kind 
-bese might be. In this way was laid the foundation for the study of 
i'alency or the capacity of saturation of the atoms. 

The application to carbon compounds was not made by Frankland. 
This important step was taken almost simultaneously (1858) by Couper 
ind Kekul6, who perceived that carbon was quadrivalent, and showed 
that the constitution of numerous carbon compounds could be explained 
on this assumption. Every carbon atom can unite with four other 
univalent atoms or radicals (i.e, such as can replace one atom of 
hydrogen), but not with more. We have chiefly to thank Kekul^ for 
carrying through this idea. 

In the theory of valency, which is at the present time the prevalent 
one, there is thus assumed that each atom possesses a definite limited 
capacity for combining with other atoms. This capacity is called the 
valency, and the atoms that can combine with one, two, three, four 
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hydvogen atoms {oi" equivalent atoms or mdicals) are said to 
univalent, bivalent, trivak-nt^ quadrivalent, respectively. Carkm 
quadrivalent an account of the compound CH^, oxygen bivalent 
to the compound OH,,. In general, chemical compounds are 
stitnted that the valencies of the different elements exactly 
eac^h other. In acetic acid, ivhose rational formula is IIO'C 
one of the carlxjn atoms is united in the first place to a bival 
oxygen atom with tivo A'alencies. The third valency is unittHi wi 
one of the valencies of another oxygen atom, whose second valency * 
satisfied by a hydrogen atom. Lastly, the fourth valency of tb 
original carbon atom is united with one valency of a second carboa 
atom J whose three others are satisfied by three hydrogen atoms. 

These relations may be made clear by the adoption of Couper' 
idea of affixing to the elementary symMs so many short lines as i)m 
are active videncies, and then joining these from at^m to atouL Acetic 
acid would thus receive the following structural formula : — 

H 

II I 
H_0— H 

! 

H 

Such a formula is capable of rendering evident a great many 
different relations. It shows that one of the hydrogen atoms h^hm 
differently from the others, because it is united with oxygen to fonn 
hydroxy 1, while the others are all united to carbon. Further, the tvo 
oxygen atoms behave difterentiy, the hydroxyl oxygen being mora 
easily attacked and removed than the other. Lastly, the two car^fl 
atoms have different fimctions : the one^ united to two oxygen atoms, 
easily passes into carbonic acid, the other splits off as methyl, CHj^ 
All these relations just derived from the formula exist in fact ; the 
structural formulEe thus fidfil in a high degree the claim of being b^fe 
functional and constitutional formulee, 

J^'ow, aa to the meaDing of auch forniulte, there are two things "fl'liiE^i 
aiUBt be carefully kept distinct — nn the one hand, the chemical vEtlenc^, on 
the other, its represeatation by the so-called structural formula-. The fiiat 
i& of actual material Bignificance, it is founded on the observation tliat tli* 
atome may have their capacity of combination satisfied by a certain nmubei 
of ec^uiyalents of other atoms or radicals, no matter what the nature of t\ii^ 
atoms or radicals may he. The representation of this fact by structarsl 
formulas in tlie first instance at leastj is purely formal ; it only serves ^ 
aid the mind in comprehending and retaining the relations experimentjilly 
found J an<l shows whether the postulates of the theory of valency arc 
iidfillea. 

The valency of hydrogen is usually taken as unity, because ao^ 
cording to all our experience a single atom of any element can oaly 
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3 with one definite number of hydrogen atoms, the law of multiple 
»ortions finding no apphcation to the hydrogen compounds that 
ain only one atom of the other element. Unfortunately, only few 
lents form hydrogen compounds, so that our ability to fix the 
ncy in this way is limited. We have, nevertheless, arrived at a 
wledge of the valency of elements that form no hydrogen com- 
nds, by means of elements or radicals that have been directly 
id to be univalent with respect to hydrogen.* Considerable 
culties have, however, been encountered here, and these are even 
not entirely overcome. 

The most remarkable relation of the valencies, as far as they are 
►wn, is to be found in the periodic system, for they too form a 
iodic function of the atomic weight. The valency in the table 
lich is here reproduced) is constant in the horizontal rows, and 
reases by a unit from row to row as we descend. From the fifth 
T downwards it decreases just as regularly if we take the hydrogen 
apounds as decisive ; the chlorine and oxygen compounds, on the 
ler hand, still show the regular increase. 
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ire again we see how some elements belong to different rows. As 
eady mentioned, MendelejefF was the first to call attention to these 
ations. 

Notwithstanding the agreement of numerous facts Tyith the theory of 
iency, several important difiiculties, particularly in organic chemistry, 
ve stood in the way of its being rigorously and consistently carried out. 
rst of all, the primary principle that the combining-tendency of atoms is 
rays satisfied by the same number of equivalents is not general. There 
! many compounds which for a certain quantity of one element have 

* The reader who wishes a detailed account of this subject is referred to Lothar 
jrer^s Modem Theories of Chemistry, English translation. 
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diflferent numbers of equivalents of other elements, as, for example, carbon 
monoxide, CO, and carbon dioxide, COg ; nitrogen monoxide, NgO, nitrogen 
dioxide, NO, and nitrogen peroxide, NOg. Stress must be laid on the &ct 
that these are all bodies whose vapour densities are known, so that there can 
be no doubt as to their molecular weights. 

Tw^ PYpUnaHnna of this have been offered. The hypothesis of constant 
valency was by some asserted to be strictly true, and the compounds of an 
/^r>y- element were called unsaturated when all the valencies attributed to 
it from a consideration of the majority of its known compounds were not ^ 
^^^^^/Vt^satisfied, the assumption being that in certain circumstances there could be 
yfompounds in which some of the valencies remained passive. The reason 
was not given why this should occur in certain cases only, and why the atoms 
did not assume the arrangement — always theoretically possible — in which 
all the valencies would be satisfied, nor was the question disposed of why 
the atoms should have a definite valency at all. 
p A Other chemists assumed that the valency could change, that in nitric 
^L^vC<^ oxide, NO, for example, the nitrogen as well as the oxygen was bivalent. 
This way of representing the facts is no more an explanation of them than 
^•^^the assumption of unsaturated valencies. Nevertheless, the strife between 
n the supporters of constant and vaiiable valency has been sufficiently bitter, 
and is even yet not at an end. 

If we think of the way in which a decision might be arrived at, we see 
that it can only come from a definite and well-founded hypothesis as to the 
nature of what we call valency. As long as we denote by it merely the 
combining -capacity expressed in equivalents, we must grant that it has 
sometimes been found to change, and must therefore assume a variable 
valency. On the other hand, if we consider valency, as is mostly done, 
to be an inherent property of the atoms, the assumption that it is variable 
seems impossible, as we cannot admit any variation in the properties of 
atoms, but only a variation in their condition. 

There still remains, however, one possibility of explaining the actual 
changes in the valency. If we conceive valency as a consequence of a 
property of the atoms, its action being modified by differences in their 
condition, especially by differences in their states of motion, it is compre- 
hensible that although the cause of valency is invariable, the action of this 
cause, the valency itself, may appear difi'erent from case to case. 

A hypothesis of this kind was advanced by -van't Hoft' (1878). By 
assuming that the chemical attraction between two molecules is caused by 
gravitation, he showed that if an atom possessed a form other than spherical, 
the intensity of the attraction at its surface would have a certain number of 
maxima dependent on the form. If the thermal motion of the atom were 
brisk, only the strongest maxima would be" able to retain their atoms, 
and the valency would thus appear, as is actually the case, smaller at high 
than at low temperatures. 

This assumption possesses all the qualifications of a hypothesis capable of 
development. It postulates no sj^ecial properties, but is based on what 
pertains to the atoms as finite quantities of matter, namely form. Thf 
future must decide if it can be carried out fully, and if there may be drawn 
from it deductive laws whose experimental verification will prove its utility. 
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The need of finding an explanation for a great class of compounds, 
ostly known only in the solid state, and whose constitution cannot 
3 explained by the ordinary assumptions as to the valency of the 
boms, has led the supporters of constant valency to consider these 
ompounds as being of a different order from those which come under 
he ordinary rules of valency. These bodies are called m olecula r 
nTnp^nndfl in contradistinction to the usual or atomic compounds, 
rhe former, which are made to include nnltn^ith watc i^of c r ystallis a- 
tion, dou ble salts, and (by some) all the salts of ammonia, are not 
8ilpp55ed to owe their chemical coherence to tbe forces acting between 
atom and atom that condition the valency ; but the molecules from 
which these compounds originate are assumed to exert as wholes such 
forces on each other as serve to keep the compound together. 

The molecular compounds have been only distinguished from the 
atomic compounds on account of the hypothesis of constant valency — 
a fact which inclines one to look upon this hypothesis with suspicion, 
especially as all exertions to find a distinction between the two classes 
other than that with respect to the valency have proved fruitless. 
For the rest, the properties of the one class pass gradually into those 
of the other, a continuous descent from greatest to least stability 
appearing with corresponding compounds. 

The fundamental assumption too with regard to the nature of the 
distinction between atomic and molecular compounds is untenable. So lon<,' 
^ we make none as to the nature of " valency," the distinction in question 
is completely nugatory. On the other hand, if the valencies are conceived 
^ localised maxima of attraction in the atom, we can only suppose that when 
molecules attract each other as wholes these maxima are active in some of 
the atoms in the molecules, so that the so-called attraction of the entire 
molecules is again reduced to the attractions between the atoms. That 
<Jompounds of this kind, held together by the weaker secondary valencies, 
are more easily decomposable than the so-called atomic compounds is what 
we might expect, and involves no contradiction. 

The foregoing considerations show how far the doctrine of valency 
is from deserving the name of atheoryof chemical compounds. It 
has inherited from the parent theory of types so much of the merely 
formal element, that the attempt to make the actual relations clear 

means of a mechanical hypothesis has scarcely been undertaken. 
At the present time chemists are mostly satisfied with the fact that 
structural formulae provide schemes which represent the actual cases of 
isomerism and the possible reactions. 

It is not intended by this to pronounce an unfavourable opinion 
^th regard to the importance of structural formulae. These stand 
njuch in the same relation to the substances they represent as the 
formulae of analytical geometry to the corresponding curves and 
surfaces, only they do not approach the latter in respect of certainty 
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and completeness of representation, — a diffprence lying in the mAi 
of the two branches of science. They afford to the expert the mea 
of drawing a great number of conclusions, and of expressing a kr 
number of facts in a concise and intelligible manner. 

They nre misused when they are taken as representing the acta 
armngenient of the atoms in space. The ordinary arrangement oft 
four valencies of a carbon atom in one plane evidently cannot mn 
spond to the facts, for according to it there ought to be two methylei 
CI CI 

I I 

chlorides, say, H — C — H and H — C — CI, whereas only one is hm 



CI 




and nothing points to the possibility of such isomers. We make tl 
customary method of formulation conformable to the fact'5 by e 
plaining that the two formula; given above are identical, which 
course they in reality are not. 

Yan 't Hoff, the first to indicate a mechanical theory of valem 
was also the first to essay a tridimensional formulation of the nton 
space-relations (1877). He imagines the valencies of the carbonate 
to act at the four summits of a tetrahedron. On this assumption, oit 
one methylene chloride is possible, and attention has been alrea 
called to the circumstance that the phenomena, and conditions 
optical activity are in satisfactory agreement with it. 

Quite recently (1887) Johanne^5 Wisliceaiis has further devdopetl lliiii* 
hj taking into consideration iha forces acting between tlie different atoi 
io that an intelligible explanation has been ^iven of many phenomena 
hitherto understood. The existence of more ii^onicra among the imsatura 
compovmds than the ordinary strnetural formulae indicate is clearly explaii 
hy the tridimensional diagrams, and in tbe same way also, tlie transformati 
of these substances into one another. 

For example, there is only one structural formula to represent ^ 
HC^COOH 

fomaric and nialeic acids, vise, |] . Yan 't Hoff had already sk 

HC— COOH 

that two tridimensional formulae corresxiond to this plane formula, if 
imagine tbe valencies of the carbon atoms at the summits of a tetrahei 
vi^ — 
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kie first formula belongs to maleic acid, for this acid can form an anhydride, 
hich according to the second formula is scarcely possible on account of the 
istance between the carboxyl groups. 

Now, maleic acid under the influence of hydrobromic acid changes into 
amaric acid. The process may be so represented that the elements of 
lydrobromic acid are added to maleic acid, thus forming monobromosuccinic 
icid, and are then again split off as hydrobromic acid. Meanwhile the 
carbon tetrahedra have become free to turn on their common axis, so that 
they will assume the position which best satisfies the aflBnities at work, 
whereupon the separation of hydrobromic acid takes place. 
Firsts therefore, we have 

COOE 



com 




+ HBr = 




Fio. 45. MaleIc Acid. 



Fio. 46. Monobromosuccinic Acid. 



The monobromosuccinic acid now undergoes a change on account of the 
mutual repulsion of the hydrogen atoms, whereby the positive and negative 




com 




COOff 



+ HBr. 



PlO. 47. MONOBBOMOSUCOIKIC AciD. 



Fig. 48. Fumaric Acid. 



^upscome opposite each other. If now hydrobromic acid separates from 
this, fumaric acid alone can be formed. 

Corresponding to this example, other hitherto incomprehensible pheno- 
Hiena can be easily explained, as may be seen in the published work of 
WislicenuB and his pupils. 
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In these geometrical considerations we see a necessary and there- 
fore well -justified stage of development of the theory of chemical 
structure on the basis of the doctrine of valency. The ideas, it is troe^ 
are of a purely hypothetical character ; in this, however, they do not 
differ from the generally accepted atomic and molecular theories 
themselves. Every hvpothesis must be specialised as far as the facts 
require. As soon as the formulae written without respect to the 
geometrical relations became incapable of representing all the 
observed phenomena, an extension of their signification was rendered 
necessary, and this was made by taking the geometrical relations into 
account. The chief object of such hypothetical generalisations — that 
of simplifying the representation and of inciting to fresh research — ^has 
in the case of the geometrical formulae already been fully attained. 
Not only have old facts been made clear through it for the first time, 
but a considerable number of new substances have been searched for 
at its instance — searched for and in almost all cases found. 
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THERMOCHEMISTEY 



CHAPTER I 

INTRODUCTORY 

Besides matter, the quantity of which undergoes no change in any 
known process, there is another something possessing the same pro- 

! perties of indestructibility and uncreatability, and having there- 
fore a real existence in the same sense as this is ascribed to matter. 

r This thing we call energy. It can appear in various forms — as the 
kinetic energy, or vis viva, of moving masses, as the potential 
energy (or capacity of doing work) of such material systems as are 
capable under the prevailing conditions of assuming a more stable 
arrangement, as heat (including light), as electrical energy, with 

j which magnetic energy is to be associated, and, finally, as chemical 

' energy. 

j All these different forms can be so transformed into each other 
I that definite quantities of any one correspond to definite quantities of 
the others. Whenever energy in any form disappears, a proportionate 
quantity of another form must appear in its place ; and to obtain a 
quantity of energy in any form we must sacrifice a proportionate 
quantity of some other kind of energy. 

In our previous consideration of chemical processes the transforma- 
tions were only looked at with respect to their material result ; the 
causes necessary for a transformation to take place at all were not 
alluded to. These causes will now form the subject of our further 
investigation. 

In general they are to be found in the circumstances and relations 
of energy. Energy is always associated with matter, at least we 
know no matter without energy, and every state of the former is 
defined by the amount of the definite kinds of energy it contains. 
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Now, energy is of such a nature that it is not possible for any masses 
affected with any kind of energy to exist together. Certain definite 
conditions must be complied with in order that this coexistence may 
be possible, and if these are not at first fulfilled an interaction takes fc 
place, with the result that they finally are fulfilled- In this property 
of energy lies the cause of all change in the material world. 

Energy may in general be decomposed into two factors. Kinetic 

energy, for example, has the form m — where m is the mass and v the 

velocity of the moving body. Potential energy- appears in the form 
fs, 8 being the space passed over by the point considered in the change 
of state, and f the measure of the striving of the point to alter its 
state ; this magnitude f is usually termed force. 

For heat we have the product ts, where t is the temperature and 
s the specific heat ; electrical energy is of the form eq, q representing 
a quantity of electricity, and e the electromotive -force. No decom- 
position into two factors has as yet been made with chemical energy; 
possibly it may have the form of kinetic energy, as it is proportional 
to the mass. 

The law of energy above-mentioned, which must be fulfilled 
order that substances may exist together, is as follows : — One of 
factors of the energy, which we may call the intensity of the 
energy, must have the same value in all parts of the system. 
This factor is — 

for kinetic energy . . . velocity, 

„ potential energy . . . force, 

„ heat ..... temperature, 

„ electrical energy . . . electromotive-force. 

Whenever one of these magnitudes has different values at difieren^ 
parts of the system, the latter cannot remain at rest, and the apprc^ 
priate process takes place. 

In many cases one intensity can be partially replaced by another, but^' 
we shall not enter on the difficult question as to the conditions of such a 
substitution. 

When one intensity becomes adjusted, this mostly entails such a change 
of state that an inequality is brought about in some other intensity. Thus 
one change conditions another, and so it goes on. Still, so far as we can 
judge, this process cannot continue for ever ; in some extraordinarily remote 
time to come the intensities will everywhere have assumed uniform values 
and all change will cease. 

Chemical energy is to us the least known of all the various forms, 
as we can measure neither it nor any of its factors directly. The only 
means /f obtaining information regarding it is to transform it into 
anothp species of energy. It passes most easily and completely into 
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at, and the branch of science which treats of the measurement of 
emical energy in thermal units is called thermochemistry, 
lermochemistry is thus the science of the thermal processes con- 
tioned by chemical processes. The quantities of heat evolved or 
«orbed measure the decrease or increase of chemical energy, in so far 
I other energy is not involved in the processes. 

The sources of energy employed in the arts and manufactures are 
1 of chemical origin, being referable to the combination of the 
.ements of the fuel employed with the oxygen of the air. But, in 
idition to this, the vital activity of all organisms depends exclusively 
Q chemical processes and the energy liberated through them. Chemi- 
il energy is consequently that form with which we have most exten- 
Lvely and frequently to deal, and which has the first and largest place 
1 the economy of nature. 

The history of thermochemistry begins accordingly with the technological 
ad physiological problems propounded by Lavoisier and Laplace, Rumford, 
)ulong, Despretz, etc., who also attempted their solution. A theoretical 
>undation on one side is due to the first-named, who stated the principle 
bat as much heat is required to decompose a compound as is liberated 
n its formation from the elements. This is a particular and very simple 
ase of the general law of energy. 

The law for thermochemical processes was first enounced in its 
uU extent by G. H. Hess (1840) as the law of constant heat- 
lummation. He stated that the initial and final stages alone deter- 
nine the development of heat in chemical processes; if these are 
specified, the development of heat is given, whatever may be the inter- 
oaediate silages. 

According to our present notions a definite value of the energy 
of a system corresponds to each state it may assume, that which we 
call the " state " of the system being in fact ideally fixed by the 
nature and quantity of the energy associated with the matter in the 
system. Two states therefore correspond to two quantities of energy, 
the difference of which must be conducted to or from the system if 
it shall pass from one state to the other. In how many portions 
tliis energy may be communicated has evidently no effect on the final 
value. 

Hess established his principle as a conclusion from experiment, with full 
<^nsciousness, however, of its wide import. He tested it in various ways, 
from his nimibers the following table is selected : — 



Sum. 



+ 2NH3 (in solution) 595-8 



595- 8 

596- 7 

597- 2 
601-8 



H2SO4 + H2O 77-8 
H2SO4 + 2H2O 116-7 
H2SO4 + 5H2O 155-6 



518-9 
480-5 
446-5 
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The first coUimn uf figui^s represents tlie t|uaii titles of heat liberated 
tlie action of one molecule of sulphurie acid on one, two, and five molec 
of water ; the second repreotsnts the quantities of heat evolved on 
neutralisation of the acids so diluted with ammouiiL The sum of the co 
aponding auembeiis of both ie approximately constant* 

The significaiR-e oi this principle for the practice of thermochemist 
is very great. It enables us to cakidato the heat effect of proce&s 
which cannot be directly measured ; for we may represent them 
terms of a stini, of which the total value and the other terms 
kiJOwiL We cannot, for example, measure the heat given out 
combustion of carbon to carbon monoxide. If, however, we m 
the heat evolved when carbon is oxidised, to carbon dioxide, then thifi 
must be equal to the heat of combustion of carbon to monoxide plus 
that of monoxide to dioxide. The latter can also be directly ascer- 
tained, so that the difference of the two observed values gives tk 
required heat of combustioii of carbon to carbon monoxide. 

Contemporaneously with Hess, w ho is to be looked upon aa the rgl 
founder of ther moeh e niistry , and after him, other inveatigatora were 5y 
■at lhi5 subject, viz. Andrews, Grab am, and especially Favre and Silbenijaim, 
who collected a rich store of obser vations. In clearness of ideaSi howeTftfj 
these are all inferior to Hess. 

The results of the meclianical theory of heat, which, had meantime be® 
developed, were first applied to thermochemistry by Julius Thomsen (1853^) 
This chemist lias up to the present time continued his thermochemical wiorfc, 
and hag accumulated an enormous number of data, mostly determined ^ 
considerable accuracy. Berthelet in 1865 began to occupy himself wil^ 
similar problems, l£ is to these two investigators that we owe the greatest 
part of our acquaintEince with the domain of thcrraochemistry. 
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[n order to formulate the facts of thermochemistry shortly and in a 
Eorin suitable for calculation, we shall extend the signification of the 
ordinary chemical equations in such a way that they will represent 
not only the mass-relations but also the energy-relations. For example, 
when we write the equation 

Pb + 2l = Pbl2, 

this states that lead iodide is formed from lead and iodine, 206*9 g. 
lead and 253*8 g. iodine giving 460*7 g. lead iodide. If the formulae 
are to represent, not the quantities of the substances, but the quantities 
of energy associated with them, the equation is incomplete. For 
on the formation of lead iodide heat is liberated to the amount of 
39,800 caL ; the energy of lead iodide is less than the energy of its 
components by this quantity. The corresponding equation for energy 
is therefore 

Pb + 2l = Pbl2 + 39,800 caL, 

and signifies that 206*9 g. lead and 253*8 g. iodine together contain 
as much energy as 460*7 g. lead iodide plus 39,800 cal. 

The equation may be algebraically transformed, but then its 
signification is somewhat different. Thus 

Pb + 21 -Pbl2 = 39,800 cal. 

nieans that the difference of energy between lead plus iodine, and lead 
iodide amounts to 39,800 cal. Or 

Pbl2 = Pb + 21 - 39,800 cal., 

represents that when lead iodide is decomposed into lead and iodine, 
39,800 cal. must be supplied. 

The equations are all to be so understood that the energy of the j| j 
substances only holds for one and the same temperatiu-e, usually the j! ? i 
mean laboratory temperature of 18°. 

The amount of energy in a substance is fiu-ther dependent on its 
?tate of aggregation. It is simplest to indicate the state by the type 
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employed- Ordinary tyi>e will Ix^ Uken to represent liquids, wh 
arc most frequently under considenition. Gases will l>e indicated 1 
italics ; solids by thick type. Then the equations 

H20- H^0= 1440 caL 

signify that oji the transformation of water into ice 1440 cjiL ml 
liberated, and on the trHiisformation of waiter vajjour into liquid watwj 
9670 cal 

It may be observed, as we have till now tacitly assumed, that tbel 
qimntitiea of energ)^ and heat refer to such quantities of the suljstai]c«s| 
as amount to their formuJa-weighta in grams. 

The small caloric hitherto used is too small for the roughness rfl 
therniocheiiiical metumreraeiits, so that we shall employ in the seqiidJ 
a mnt one hundred times greater, which we may denote by It km 
that quantity of heat which a gram of water loses when cooled frottl 
100'' to 0"^. The above equations now become 

Pb + 2I = PbI^+ 398 K 
H,0-H,0 = U-4 K 
M^0-BJ} = W'7 K 

The rea^cting substances are very often dissolved in a large qu&ntttf 1 
of water. This is denoted by adding the letters Aq (aqua) to Ckj 
ordinary ehemiad symbol Such solutions when further diluted mthj 
water neither absorb nor evolve heat Thus the equations 

M. Aq + nH,0 = M. Aq 
M.Aq^nHlO-M.Aq 

hold good, M being the dissolved substance. We may therefore ittj 
thermocheniical equations add or subtract limited qmintities of waier ] 
when the substances are in solution without committing any appreci- 
able error. 

For instance, we have for the formation of pot^issium chloride in I 
aqueous eolutioo — 

KOH Aq + HCl Aq = KCl(Aq + Aq + H,0) + 137 K 

Instead of this equation we always write 

KOH Aq + HCl Aq = KCl Aq + 1 37 K, 

as the mixing of the liberated water with the solution of potassiuift 
chloride has no thermal effect whatever. 

Thejse enei' gy-fiqimttonR firs RpfAifiUy iiMf>Fiil in tliArfi^f^^^amiol ^ 

data which c annqt be dij ertly ()]>pt^rved. If we return to the example givea 
Hess (p, 210), we Imw ir .iit iliii ut measurement 
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ibtracting the lower from the upper equation we get 

C + 20-(70-0=290 K, 
r C + = aO + 290 K, 

,e. the heat of combination of carbon and oxygen to form carbon monoxide 
3 290 K. 

A second somewhat more complicated example is the heat of formation 
»f sulphur trioxide, also determined by Hess. The process consisted in 
>nming a mixture of lead oxide and sulphur in oxygen. Lead sulphate is 
brmed with an evolution of 1655 K ; we have therefore the equation 

PbO + S + 30 = PbS04+1655 K. 

To eliminate the terms PbO and PbSO^, lead oxide was transformed into lead 
sulphate by solution in sulphuric acid ; the result was — 

PbO + HgSO^Aq = PbSO^ + Aq + 233 K. 
Subtracting, we get 

S + 30 + Aq = HgSO^Aq + 1422 K, 

the formation of aqueous sulphuric acid from sulphur, oxygen, and water 
is accompanied by the evolution of 1422 K. 

Lastly, Hess dissolved sulphur trioxide in water — 

S03 + Aq = H2S04Aq + 411 K. 

Subtracting again, we have as the final and desired result — 

S + 30 = S03+1011 K. 

In the same way a great many other problems maijy be solved. 
The method is to measure any two reactions in which the initial and 
final substances take part, and then to eliminate the subsidiary bodies 
by suitable equations between them. It depends upon the skill of 
the experimenter so to choose the reactions that the measurements 
may be as exact as possible, and that the end may be attained with 
the fewest possible intermediate stages. 

The heat of formation is a heat of reaction extremely often 
measured. By this name we indicate the difference between the 
energy of a chemical compound and that of its component elements. 
The numbers are obtained from equations in which only the elements 
and the compound occur. It follows from 

Pb + 2l = Pbl2+ 398 K 

that the heat of formation of lead iodide is 398 K. 

This heat is therefore the loss of energy suffered by the elements 
when they unite to form the compound in question. If the quantities 
of energy, whose absolute magnitudes are quite unknown, be reckoned 
from the energy of the elements taken as zero, the equation assumes 

^'^'"^ = PbI, + 398 K, 

if we make Pb = and 21 = 0. This can also be written 
Pbl2= -398 K. 
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Therefori? in the cnergj'-^qiiaticins the fonaiulie of the compoimds 
may be replaced by their heats of formation with the signs chaEged. 

In thifl way we can easily calculate heats of reaction by m 
the heats of foiination. Suppose we wish bo find the hciit give 
in the preparation of magnesium. We have 

DIgClg + 2Na - -2NaCl ^Mg^x. 

Now the heat of formation of inagneBium chloride is 1510 K, and 
sodium chloride 1954 K. Making the substitution and putting th 
heats of formation of the elements equal to zero, we obtain 

- 1510 + 2x0 = "3x 1954 + + x 
x- 2398 K. 

On account of this simple form taken by the equiitions, it is usual to 
determine the heat of foimation of the various chemical compounds, 
so that the values may be used in further calculations. Heati of 
fonnatiou are consequently given by preference in the tables contained 
in the following chapters. 

With respect now to the actual performance of thermochemial 
experiments, there are several general statements that may be madt^ 
in spite of the variety in the methods atid apparatus employed ^ 
different investigators. Only a relatively small mimber of the 
nunieron^ reactiims knoTiv^n f" T^x'peT imrTitnT chgg^^|iy ^re suitable M 
ilicniM mheinical riieji sm eiBent^ ; tlies^.? In^mg almost exclusively such u 
lTik* | .| M I ,ii I n 1 i ri ar y t e m pe rutxi i-es and are at an end in the space of 
a fc^v iniiiuic.s. The chief among them are the phenomena of ueutral^ 
isation, of solution, and of dilution. 
^ A second class of tbermochemical processes is formed by rapitl 
combustions^ which^ by being conducted in a completely closed vefisel 
surroimded by water, are likewise amenable to convenient measure- 
ment The majority of thennochemical experiments may be reduced 
to one or other of these forms. 

For tbermochemical measurements in aqueous solution calorimet^ 
constructed of glass or metal {platinum by preference) are used. 

If the dissolving of a solid, liquid, or gas in the liquid of the caloriract*i 
is in question, the experiment is so conducted that tbe substance is brctigW 
as nearly as possible to the temt>erature of the calorimeter and the prece* 
then initiated. The uniform distribution of the heat as well as of tbs 
reacting substances is provided for bj an efficient stirring apparatng. Tins 
haa usually the form of a horizontal plate, which contains suitable opeBing? 
for the p£ussa^ of a thermometer, etc., and has an up and down motion* It 
is better, liowever, to give the stirrer the form of a ecrew-propeUer, and Uve 
it near tlie bottom of the calorimeter, the motion in this case being of couna 
one of rotation. By this arrangeraent we avoid wet portions of the appiratTift 
being exposed to the air and getting cooled by evaporation. The mechanical 
action too is much easier, and the space inside the calorimeter is left freer. 
If the reaction is to be between two approximately equal quantities d 
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piid, tlie temperature of each mii^gt be accumtely laeasured at tlie moment 
mixing, Thonisen in this case armDges a smaller veaeel on. the top of hia 
lorimeter, each vessel being provided with thermometer and elirrer, and 
ter havinjT read off the temperature of both, lets the liquid in tlie Tipper 
!sael flow through a yalve in the bottom into the lower vessel. Berthelot 
itroduces one of tli^! liquids into his calorimeter, but tlien, unlike Thomeen, 
LS the other in a thin- walled, wide-necked flask standing insside a protective 
Ipper cylinder with a silvered and polished interior. When the temptirature 
jfi been ascertained, the thermometer serving as stirrer, the daak is mhtd 
f means of wooden tongs and its contents emptied into the calorimeter, 
te rejects Thoni sen's arrangement because the liquid in flowing through the 
alve may possibly experience a change of temperature. This objection is 
nfounded, however, for by the way in wliich Thomeen makes his t her mo- 
leters comi>amble, an error of this nature is eliminated. In reality^ 
liomieii^a apparatus is the more exact, which is moat likely owing to the 
)Ct that his thermometers are read off through a telescope, while Bcrthelot 
MS the naked eye. 

The ciibrimeter employed for the conibustioii of solid, liquid, 
md gaseous subst4iiicea in gases has been gradually evolved from the 
mperfect instruments of Daltoii, Davy, and liumford, by the labours 
W Diilong, Despretz, aud in paiticidar of Favre and Silbermann. It 
consists of a cylinder filled with water into which the comlmstion- 
Chumber is sunk ; a number of tubesj destined to supply the necessary 
giises, open into it, and the products of combustion are led through a 
long spiral metal tube or worm, in order that all their excess of heat 
my be given up to the water of the calorimeter. 

The apparatus has experienced but little change in the course of 
fee. Thomseu makes the metallic pirts of platinum, and Bertholot 
has introduced a glass combustion -chamber, which admits* of very 
«*>iiTenieut observation of the progress of the reaction. 

Besides the gradual combnetion. in an atmosphere of gas, aeveral other 
lEiethcula of combustion have of late been practised. There ia^ for example, 
tk explosive combustion, a suitable gaseous mixture being enclosed in an 
apporatns immersed in the water of the calorimeter, and fired by meaas of 
til* ^lecliii^ua^. Andrews seems first to have availed himself of this 
laednxl in a .^pecjal case, and Bcrthelot has extended its application greatly 
V lining what he calls a calori metric bomb/' Tliis apparatus consists of a 
' l»oUow metal sphere in which the gaa is compressed, and exploded after the 
frhole has been immersed in the calorimeter. 

Another process is the combustion with combined oxygen (especially 
with potassium chlorate), first employed by Frankland (1866), and later 
improved and applied by Htohmann and his pupils. The substance is here 
isiimd with jiotatisium chlorate and some indifferent material {e.g. pumice), 
ilid made into a sort of firework, which is set off inside a water- calorimeter* 
The details cnnnot be given here. It has this advantage, that substances can 
'be investigated by its means, to which the other methods, on account of 
brregular or imperfect combustion, are not applicable. The drawback of the 
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method is tliat the corabiastioii often iniscarrieB^ and that tiie nmiibeift 
obtaiiie<l are affected by numerous and conBiderable corrections- 
It Bhould be menttoned^ in conclusion, that Bunaen^a ice cnlorj 
been in eome cases used for tliermoehemical experi m en tsi^^Htflong n 
method gives very exact reaults^ even with small fLuaniities of subs 
requires exeefisively skilful manipulation, and can only be applied in 
as the iBstrufiieut mu&t set up in a cold place, the temperature of 
nicjit being \ Working at this temperature is frequently an advantage hat 
in certain caaea decidedly detriroeutal. 

The measurenient of temperature is at once the most important 
and the most difficult part of a cabrimetric determination. It is true 
that very scnisitive t hermometer s can be coristructefl by the eniploj- 
ment of uarrow capillaries anil somewhat large bulbs, and as a rule we 
use such as are divided into tlegree, which therefore admit of tk 
estimation of g-J^ degree when rejid off with a telescope. The difficulty, 
owever, lies less in the want of sensibility in the thermometers thaii 
in the continual heat-exchange of tjie calorimete r w^th the surrounding 
objects, the proper thermal result being more or less disturbed by thiis. 
The e rror is greater with a small calorimeter , as the surface in sucli a 
case ia^larger witli respect to the contents. This circumstiince ks 
been frequently neglected, and has often been the cause of great 
uncertainty, BeiJlifiliit in the course of his therm oche mica! work 
studied the subject wilm some care, and anived at the conclusion tkt 
with a calorimeter of /SOO c. cm. cap u Itv we get t he minimum emrj 
the disturbance falling in this easse within the brails of accuracy giWn 
by the measurement of temperature. 

As the interchange of lieat by railiation assumes ^eater proportioai a« 
the difference of temperature lietween the calorimeter and its en\nronmeat is 
greater, we must attend to both having as nearly as possible the ani* 
tempeiature. It is besides desirable to perform alJ ealori metric experimerite 
at a uniform teniperaturej ele^ they are not strictly comparable, nad tie 
determination of the iniiuence of temperature would considerably increase 
the M'ork. Thomsen therefore uses a laboi-atory, the heating apparatus of 
which can be easily regulated, and always brings it-s temperature as near 83 
may be to IS'' before he commences his experiments. Berthelot, w1io,iii 
other respects also, does not insist upon the last degree of accuracy, 'worb 
within, the tolerably wide limits of temperature of an oitlinary laboratory. 

To diminish the radiation as much as ijossible the calorimeter is brigbtly 
polished, and ] placed within a cylinder also polished in the interior, 
Berthelot surrounds tliis last with a large jacket of tin-plate filled villi 
water ; Thornaen prefers to employ cases of metal or cardboard, the inle^ 
vening spaces merely containing air. 

For the raethodj due to Regnault, of freeing the measurements of 
temperature from the effects of radiation^ the larger teKt-l>ooks must be 
consulted. Rumford's artific e of leaving the temperature before th e^jXE^- 
mmt m far o n one siAe of I he a 1 1 nosphe ric len^^atitrgj lijlt will be on thj. 
otfier wkm {Eb action is overj finds an application _h ^j espe cia lly in ^ 
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aployment of the combustion calorimeter. In fact, it was in his calori- 
letric determinations of the heating power of fuel that Rumford first employed 
lis method. 

The number of calories developed in a thermochemical reaction is 
•btained by multiplying the thermal capacity of the calorimeter 
)y the (corrected) change of temperature. To get the result in the 
mits given above (p. 212), this number has still to be multiplied by 
ihe ratio of the substance used to its formula-weight, both being 
expressed in grams. 

With regard to the thermal capacity of the calorimeter, the water- 
squivalent of the vessel, the stirrer, the thermometer, and all the other 
parts of the apparatus that suffer the change of temperature must be 
ietermined or calculated in the usual way. If the liquid employed is 
not water, its specific heat must also be known. As the specific heat 
o f a solution is not deducible from the specific_heats of^tibe dissolye3 
sub stance and the solvent, s pecial jdeterminatjons would in "almost all 
c ases nave to be m aSe! Thermochemists have hitherto sought to 
elude^the not incons^diiaibre ' coniplic^ here involved by making 
<?ertain ass umptions^ which without a knowledge of the numbers in 
-question may lead to very i nacctirate calculations. Thomson puts 
the thermal capacity of his solutions equal to that of the water 
contained in^ Kem Thfs'' assumption, tested in detail by Thomson 
himself, is only very seldom quite accurate ; tho^rrors are sometimes 
p ositive, sometimes negat ive, but in all cases very small for dilute 
solutions, which are nearly always here in question. 

An idea of the admissibility of such a proceeding may be obtained by 
calculating the difference between the thermal capacity of aqueous solutions 
And that of the water contained in them. It will be found that the differ- 
ence usually does not amount to one per cent — only in extreme cases is it 
greater. The accuracy of calorimetric experiments varies a good deal, but it 
is often greater than this, so that it cannot be denied that the results are 
somewhat impaired by the above mode of calculation. 

To find the observed thermal effect we have the formula 

Q=(tc-t> + (t;-tb)(b+p), 

Inhere t^ is the temperature of the substance outside the calorimeter 
proper, tb of that within the calorimeter, and t^ the corrected final 
temperature after the reaction ; a is the calorimetric equivalent of the 
first substance, b that of the second (le. in the mixture-calorimeter the 
quantities of water in the solutions employed). Lastly, p is the water- 
equivalent of the calorimeter. 

Thus, for example, the heat of neutralisation of hydrochloric acid 
with soda was found by Thomsen to be 13,736 cal., by mixing 
i formula-weight or J equivalent of each of two solutions having the 
composition NagO + 2OOH2O and HgClg + 2OOH2O, with one another. 
Fhe solution in the calorimeter had a temperature of 18° '610; the 



21B 



OUTLINES OF GENERAL CHEMISTEY 



BOOK 



solution in the upper vessel was at 18 "'222 ; after mixing the con-ec 
temperature was 22 "'1 69, The solutions had consequently exporien 
a rise of temperature of 3 "559 and S^^Qi? respectively. Multiplyi ^ 
these hy the weight of water, 450 g- ( = ^ ^ 20OH3O), 13 g, being 
added to the first solution as the water-equivalent of the calorimeter, 
we obtain 1648 + 1786 = 3434 cal, so that multiplying this value Ij 
4, as only ^ equivalent was used, we get 13^730 caL as the heat of 
neutralisation of one equivalent of soda by one equivalent of hydpo- 
chloric aeid, or 

NaOH Aq + HCl Aq = NaCI Aq + 137*36 K. 

Berthelot diverges from TTiomeen^s metho«i, inasmuch as he doea 
determine the thermal capacity of his Bolutions according to the weight 
water^ but according to the total volume. He conBeqnently does not oae 
Bolutiona of the composition indicated by certain ratios of the formul*- 
weights, but Buch as are employ e<i in volumetric analysis, a forniula-weiglit 
of the substance being contained in a Htre, or in a multiple or sub-nndtipl* 
of a litre. Bert helot shows that the approximation to the truth obtained 
thia mode of reckoning is in some cases greater than that got from the metlod 
practised by Thomsen ; in other eases^ however, it ia just the reverse. On 
the whole, we may say that Berthelot^s method is more convenient in practicSj 
but ThoDisen*^! more precise in the definitions. 



CHAPTER III 



SALT-FORMATION 



( apite of recent researclies througliout the whole domain of chemistry 
!th respect to the heat developed in a reactionj very few general 
teions have been established. The most genenil had already been 
mud by Hess, ami formulated by him as the Law of Thcrmo- 
^utrality. It states that on the double -decomposition of neutral 
Wts in soiution^ heat ia neither evolved nor absorbed. 

This rule is not absolutely correct, for small thermal changes 
Iwaj^s take place, and there are further some salts which do not 
itey the law at all. These, however^ usually differ in most other 
respects also from the ordinary type of salta It is assumed, too, that 
^ the salts are in solution during the proeoss and remain dissolved ; 
Irheti one of the *5alt3 separates in the solid form, the principle holds 
pod no longer. 

[ Hess assumed that the relation aroae from the heat of neutraliBation 
fcpemlitig only on the acid. Andrews believed, on the other hand, that the 
lase alone determined the evolution of heat Both a^umptiona are wrong. 

and Silbemiann showed that different acids as well aa different haeea 
Mved different amounts of beat on neutralisatioUj but that the differencea 
oetween the amoimts of heat given out by any two ba&es with a series of 
<«i<is, OT of any two acida with a aeries of bases, had alwaya the ^me value, 
^ (a, b) lienote the heat of ueutraliBation of the acid a with the base b, then 
ifel'ta bk of the form 

mm (a; h') (a'', V) (a^^, hO ... 

(a; b^) (a", V) (a'^ bO . . . 
(a', (a^ h-) (a-, b^) . . . 

differencefl between corresponding paira, whether taken horizontany or 
"^^ttically, are eq^ual, Le, 

(a-, V) - («', b') = (a', h") ~ (a", b") = (a', V) - (a', b") . . . 
« V) - («', 1)') = (a", b') - («", b")= (a-, V) - {a", b") - . • 

This law corresponds perfectly to that which we found as a first 
^*Pproximatbn in the case of the molecular volumes of salt-soltttions 
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(p* 14 3) J ami leails to the same conclusion* The heat developed on 
neutralising an acid with a base is additively composed of 
two terms, one of which depends only on the nature of tbe 
acid, and the othi?r only on the nature of the base. We caniMJt 
at present determine the magnitude of these terms separately. 

The various ^icids behave differently, although the differences m 
not great, when they are neutralised by one and the same ba&e, say 
soda. The strong monobasic acids, like hydrochloric, hydrobromic^ 
hydriodic, nitric, chloric, bromic, iodic, and perchloric acids, and 
besides these, alkyl-sulphui'ic and the sulphonic acids of organic 
chemistry, all behave suiprisingly alike. On neutralisation of one 
equivalent by so<la^ a quantity of heat varying between 137 K ami 
141 K is evolved in each ca^e. Excess of acid or soda has no effect 
This circumstance indicates that the process ttiking place when these 
substances are neutralised is of substantially the same nature for all 
these different compounds. 

The weak monobasic acida, of which the members of the fatty serial 
especially have been iuTestigated, differ somewhat from the stronger amd^ 
their heat of neutralisation sometimes exceeding, Bometimes falling below tlie 
numbers given above ; e.g. 



Here also, however, the differences are not verj great 

Hydrofluoric acid is quite abnormal in this respect. In the lifst 
place, it has a very large heat of neutralisation, 163 Then an 
excess of the acid acts on the neutral salt, with the accompamment <if 
a slight absorption of heat ( - 3 K), a fact standing in connection wilt 
the capability of hydrofluoric acid to form acid salts. The heat of 
neutralisation of hypophosphorous acid, HPO^Hg, viz. 152 K, is also 
abnormal ; for the rest it behaves decidedly as a monobasic acid, 
conclusion already arrived at from its purely chemical investigation. 

Very weak acids, like hypochlorous and hydrocyanic acids, give very 
small heat a of iieulralisation, 95 Eand 2S K respectively. This comes from 
their inability to neutralise soda completely in aqneons eolution, which may 
he seen in the alkaline reaction of the salts, and in an excess of alkali by tbu 
action of mass producing a further amount of heat. 

Amongst the dibasic acids there are sevend of exactly the sain^ 
order as the strong monobasic acids. For each equivalent they give 
a heat of neutralisation of about 1 35 K, and an excess of acid has no 
action on the neutral salt. Such are chloroplatinic acid, H^PtCl^, 



Fonnio acid 134 K 

Acetic 133 „ 

Propionic 134 „ 

Butyric \, 137 

Vrtlerianic „ 140 „ 



Acetic acid 133 K 

Honochloracetic acid 14S „ 

Dichloracetie „ 148 ,, 

Trichloracetic 139 
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thionic acid, HgSgOg, and in some degree hydrofluosilicic acid, 



Other dibasic acids, on the contrary, e.g, sulphuric acid, exhibit a 
)tally different behaviour. If increasing quantities of sulphuric acid 
re added to one equivalent of soda, an evolution of heat takes place 
ntil the composition of the neutral salt is reached ; it amounts to 
57 K for one equivalent or 314 K for a gram -molecular -weight of 
alphuric acid. If sulphuric acid be still added, an absorption of 
leat begins, which increases slowly with the amount of acid added, and 
ppears to approach asymptotically to a limiting value of about - 33 K. 

This pecidiar conduct is usually explained by assuming that some 
kcid sulphate, NaHSO^, is formed in the solution, its formation being 
MX^ompanied by a less evolution of heat than that required to separate 
ihe sulphuric acid from the water. We have here one of the interest- 
ing cases where a chemical reaction spontaneously takes place with 
absorption of heat. 

Selenic acid is similar to sulphuric acid in this respect. Of the 
other dibasic acids, oxalic and tartaric acids are also to be mentioned 
as forming acid salts in solution with absorption of heat, although the 
absorption is very slight. Malic acid shows no action. 

When an excess of succinic acid is added to a dilute solution of 
sodium succinate, a slight evolution of heat is observed. To this 
second group of dibasic acids having acid salts formed with evolution 
of heat there belong further sulphurous, selenious, and phosphorous 
acids. Carbonic acid and sulphhydric acid are so weak that their 
salts have an alkaline reaction, and cannot be formed completely from 
acid and base in aqueous solution. Boracic, arsenious, and silicic acids 



The tribasic acids act quite similarly to the dibasic acids. 

What has been said above, strictly speaking, holds good only when 
feoda is used to neutralise the acids, but in consequence of the law of 
thennoneutrality the foregoing relations are repeated with but little 
change when other bases are employed. 

The alkalies and alkaline earths form a group of bases which have 
much the same character as the strong monobasic acids. In this 
group we also find thallium hydroxide, some of the platinamine and 
cobaltamine bases, and the organic ammonium and sulphonium bases. 
They have all the same heat of neutralisation with any one acid. 
Thus, when neutralised with hydrochloric acid, they give out from 136 
to 140 K, and with sulphuric acid proportionately more. Ammonia 
and its organic derivatives among soluble bases have in part a con- 
siderably smaller heat of neutralisation, e.g. for hydrochloric acid — 




Ammonia 122 K 

Methylamine 131 ,, 

Dimethylamine 118 

Trhnethylamine 88 



Hydroxy lamine 93 K 
Aniline 75 
o-Toluidine 76 
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The liases of the mjiguesia series have also for the most pai 
smaller heats of neutralisation. Aa they are all insoluble in water 
might lie believed that their heat of neutralisation is diminished by t 
heat of solution of the bases. Thk circumstance, however, does n 
seem to have a great effect, for in the case of magnesia itself the heal 
of neutralisation of the insoluble hydroxide is not very difierent from 
the values obtained for the soluble alkalies. The niunbers detenniEe* 
hy Tliomsen for hytlrochloric acid are — 



Magnesia 

Nickelona ^, 
CobaltoQB „ 



2 HCI 
277 K 
230 
228 „ 
211 „ 



FeiTous oxide 
Cajtimliini ft 

ZiDG 

Cupric „ 



2 na 

214 K 

203 „ 

14&., 



The heats of neutiiiliaation with sulphuric acid are regularly 35 
to 36 K greater, as they ought to be according to Hess'g law; moitol 
the other monobasic acids give the Siime numbers as hydrochloric mi 
The sesquioxides analogous to alumina behave differently from the 
above bases. Their heat of neutralisation is much smaller, and tk 
differences between the values for hydrochloric and sulphuric acid are 
not equal. This arises from these bases being very weak ; their bsIU 
decompose in solution to a greater or less extent into free acid and a 
basic salt^ and thus their real heat of neutralisation is not observed 
at all. 



CHAPTER IV 



THERMOCHEMISTRY OF THE NON-METALS 

In accordance with the fact already stated that no general quantitative 
laws (with the exception of the law of thermoneutrality) are known in 
thermochemistry, little more can be given in the following pages than 
a collection of heats of formation. From these we can deduce by 
easy calculations the thermal changes accompanying the most diverse 
reactions (p. 214), so that the tables given represent very nearly all 
^^e known data of thermochemistry.* 

§ 1. Oxygen. Heat of Formation. 

Ozone O3 - 300 K (approx). 

The formation of ozone from ordinary oxygen is accompanied by 
^siderable absorption of heat. 

§ 2. Hydrogen. 

- Water ' HgO 684 K liquid. 

Xatent heat of fusion - 14 K, heat of vaporisation at 100° 
^ 6-7 K. 

Hydrogen peroxide HgOg 452 K 

The heat of formation of the peroxide is less than that of water ; 
*>^sequently the former passes into the latter and free oxygen, with an 
oliition of 232 K 

§ 3. Chlorine. 

1. Hydrogen chloride HCl 220 K 

Water absorbs the gas with evolution of 173 K. 

2. Hypochlorous acid Clfi - 178 K 

HC10,Aq 300 „ 

* For all details the reader is referred to the author's Lehrbuch der allgemeinen 
Chmiej vol. iL 
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Heat of Formation. 
The heat of solution of the anhydride is 94 K. 

3. Chloric acid HClOgjAq 239 K 

4. Perchloric acid HClO^jAq 386 „ 

The anhydrous acid is dissolved in water with evolution of 203 K; 
its heat of formation is therefore 183 K. 

§ 4. Bromine. ^ 

1. Bromine. The heat of fusion is - 13 K, and the heat of vaporisa- 
tion at the boiling-point 63°, - 36 K. 

2. Hydrogen bromide HBr 121 K 

The bromine is here supposed to be gaseous. For liquid bromine 
the heat of formation is 84 K. Water absorbs hydrogen bromide with 
evolution of 199 K. 

3. Hypobromous acid HBrO,Aq 335 K 

4. Bromic acid HBrOgjAq 160 „ 

In both cases the bromine is taken in the gaseous state. 
§ 5. Iodine. 

1. Iodine. Heat of fusion, - 15 K; heat of vaporisation, - 30 K- 
Boltzmann has calculated the heat of dissociation of Ig into 2 I an<i 
found it to be - 285 K. 

2. Hydrogen iodide HI - 61 K 

The formation of hydrogen iodide from hydrogen and solid iodio^ 
is accompanied by absorption of heat. Gaseous iodine would cor^^' 
bine with hydrogen with almost no thermal effect. The gas dissolve ^ 
in water with evolution of 192 K, so that the, heat of formation c:^*^ 
hydriodic acid, HI,Aq, is 131 K. 

3. Iodic acid HIO3 582 K. 

HI03,Aq 560 „ 

The acid dissolves in water with absorption of 22 K. For th^^ 
anhydride we have the heat of formation — 

I2O5 453 K. 

4. Periodic acid HIO^jAq 476 „ 

The heat of solution of the crystallised acid, HIO^ . 2H2O, is only 
-14K. 

5. Iodine monochloride ICl 58 K Heat of fusion - 23 K 

6. Iodine trichloride ICI3 215 „ 

7. Iodine bromide IBr 25 „ 

§ 6. Fluorine. 

The heat of solution of hydrofluoric acid in water is 118 K. 



lAP. IV 



THERMOCHEMISTRY OF THE NON-METALS 



225 



§ 7. Sulphur. 

1. Sulphur. Heat of fusion, - 3 K. The various modifications 
exhibit differences of energy of from 5 to 10 K. 

Heat of Fonnation. 

2. Hydrogen sulphide HgS 27 K 
The heat of solution in water is 46 K. 

3. Sulphurous acid SOg 710 „ 

This number is for the rhombic modification of sulphur and the 

ordinary temperature. The dioxide dissolves in water with evolution 

of 77 K, so that the heat of formation of the aqueous acid from 
hydrogen, oxygen, and sulphur is 1472 K. 

[ 4. Sulphuric acid HgSO^ 1931 K 

[ H2S04,Aq 2109 „ 

[ SO3 1033 „ 

SO„Aq 1425 „ 

^ The heat of solution of sulphui'ic acid in water is 178 K, that of 
the anhydride 392 K. 

5. Hyposulphurous acid B^Sfi^^Aq 1373 K 

S2b2,Aq 689 „ 

6. Dithionic acid H2S20g,Aq 2796 „ 

S20.5,Aq ' 2112 „ 

7. Tetrathionic acid H2S40g,Aq 2612 „ 

SA,Aq 1928 . 

0- oulphur monochloride SgClg 143 „ 

9. Sulphur monobromide SgBrg 10 „ 

10. Sulphuryl chloride SO2CI2 898 „ 

11- Thionyl chloride SOClg 498 „ 

12. Pyrosulphuryl chlorideS205Cl2 1630 „ 

§ ^- Selenium. 

1. Hydrogen selenide HgSe -111 „ 

2. Selenious acid SeOg 572 „ 

SeOgjAq 562 „ 

H2Se03,Aq 1246 „ 

3. Selenic acid SeOgjAq 768 „ 

H2Se04,Aq 1452 „ 

Selenium monochloride Se2Cl2 222 

5. Selenium tetrachloride SeCl^ 462 „ 

§ 9. Tellurium. Heat of 

Tellurous acid Te02,Aq 773 „ solution 

H2Te03,Aq 1457 „ 

2. Telluric acid Te03,Aq 985 „ 

H2Te04,Aq 1669 „ 
Q 
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3. Tellurium tetra- 
chloride TeCl^ 

§ 10. Nitrogen. 
1. Ammonia 



2. Nitrous oxide 

3. Nitrous acid 

4. Nitric acid 



NH, 

HNO^Aq 
HNO^^Aq 

NA.Aq 

HN03 



Heat of Formation* 

774 K 



120 
204 
'180 
308 
491 
2 X 149 
419 
131 



Heat of solution 



The heat of fusion of nitrogen pentoxide is - 83 K, the he 
vaporisation - 48 The sum of these two equals the heat of fc 
tion of the solid pentoxide, so that the heat of formation of the ^ 
pontoxide is nil. 

5. Nitrogen peroxide 

N3O, - 26 K 



NO. 



77 



The heat of dissociation of NgO^ into 2NO3 is 



216 K 
244 „ 



129 K. 

6, Nitric oxide NO 

7, Hydroxylamine NHgOjAq 

g 11. Phosphorus, 

1 . Phosphorus. The transf ormati on of yellow phosph onis mU 
is accompaniod by evolution of 273 IL 



2. 


Phosphoric acid HgPO^ 


3029 K 




H^PO.^Aq 


3056 


13 




P,0„Aq 


2 X 2030 


it 


3. 


Phosphorous acid 








H3PO3 
H,PO,,Aq 


2249 


II 




2278 


SI 






2 K 1252 


t1 


4. 


Hypophosphorous acid 








H^PO. 


1401 


SJ 




HsPO^Aq 


1399 


SI 




P,0,Aq 

Hydrogen phosphide PH^ 


2 X 373 


13 


5. 


43 


II 


6. 


Phosphonium iodide PH^I 


222 


yi 



7. Phosphorus trichloride PCl^ 755 

8. Phosphorus pentachloridePCl£;1051 

9. Phosphorus oxychloridePOCIaUeO 
10. Phosphorus tribromido PBr, 448 
1 L Phosphorus pentabromide PBr^ 591 



Heat of vaporis 
-69 K 
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Heat of Formation. 

12. Phosphorus oxybromide POBig 1056 K 

13. Phosphorus iodide Pig 99 „ 

§ 12. Arsenic. 

1. Arsenic acid 

2. Arsenious acid 



3. Hydrogen arsenide AsHg 

4. Arsenic trichloride AsClg 

5. Arsenic tribromide AsBrg 

6. Arsenic tri-iodide AsL 



AsgOg 2194 „ 
AsgOgjAq 2 X 1127 „ 
HgAsO^jAq 

AsgOgjAq 



2153 
1547 , 
2 X 735 
441 
715 , 

449 
127 



Heat of solution 60 K 



76 



Heat of vaporisation 
-84 K 



§ 13. Antimony. 

1. Antimony trichloride SbClg 



914 



2. Antimony pentachloride SbCl^ 1049 „ 

3. Antimony trioxide SbgOg 1660 „ 

4. Antimony pentoxide Sh^O^ 2228 „ (hydrated oxide) 



§ 14. Boron. 

1. Boron trichloride 

2. Boron trioxide 



BCI3 



1040 
3172 



B203,Aq 3352 „ 



The numbers are for amorphous boron and are not very trust- 
"vrorthy. 

§ 15. Carbon. 

The different modifications of carbon — diamond, graphite, and 
dimorphous carbon — contain very different amounts of energy. The 
^eatest is possessed by charcoal, — graphite has about 36 K less. 
Charcoal therefore evolves 36 K more on combustion than graphite. 
Two determinations only have been made for diamond, one gives 24 K 
the other 37 K less than charcoal; which of the two is the more 
-correct is difficult to decide. 

1. Carbon dioxide COg 970 K (from amorphous carbon) 

2. Carbon monoxide CO 290 „ 

It is somewhat surprising that the first oxygen atom that combines 
with the carbon evolves much less heat than the second, the numbers 
being 290 and 680. It has been suggested that the two heats of 
combination are really equal, and that the difference of 390 K only 
serves to transform solid carbon into the gaseous state. 
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Heat of Formation. 



3. Methane 

4. Carbonyl chloride 

5. Carbon tetrachloride 



CH^ 
GOG\ 
CCl, 
COS 
CS2 



^2 



218 K 
551 „ 
210 „ 
370 „ 
- 196 „ 



6. Carbonyl sulphide 

7. Carbon disulphid[e 



The heat of formation of carbon disulphide is negative, i.e. carboi 
burns in sulphur with absorption of heat 

§ 16. Silicon. 

Crystalline silicon contains 91 K more energy than amorphous 
silicon. The heat of formation of all the silicon compounds is still 
very imcertain, so that the values found need not be given here. 



CHAPTER V 



THERMOCHEMISTRY OF THE METALS 

The heats of formation of the metallic salts in aqueous solution, which 
obey Hess's law of thermoneutrality, are also so related to each other 
that the corresponding differences are equal. Thus, for instance, the 
lieats of formation of all the potassium salts are about 48 K greater 
"khan those of the corresponding sodium salts, and in the same way 
"tihe heat of formation of the chlorides exceeds that of the iodides by 
262 K. 

This simple and tolerably general relation follows from Hess's Law. 
Mhe heat of formation of the potassium salt KA, where A is any 
^id radical, can be calculated from the equation 

KOH Aq + H A Aq = KA Aq + N, 

if the heat of formation of potash, of the acid, and of water be known ; 
IK is the heat of neutralisation. Let us compare with this the heat of 
:f onnation of the corresponding sodium salt — 

NaOH Aq + HA Aq = NaA Aq + N'. 
ly subtraction we get 

KOH Aq - NaO H Aq = KA Aq - NaA Aq + N - N' 
or KOH Aq - NaOH Aq - (N - N') = KA Aq - NaA Aq. 

The last equation signifies that the difference of the heats of 
formation of the hydroxides minus the difference of the heats of 
neutralisation is equal to the difference of the heats of formation of 
the salts. The first is the same for all potassium and sodium salts ; 
and according to Hess's Law the differences between the heats of 
neutralisation of two bases with all acids are equal, so that the 
difference of the heats of formation of the salts must be independent 
of the acid they contain. 

A perfectly similar proof holds for salts of the same metal with 
different acids — 

HCl Aq + MOH Aq = MCl Aq + N 
HI Aq + MOH Aq = MI Aq + N' 
HCl Aq - HI Aq - (N - N') = MCI Aq - MI Aq. 
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Here the two differences on the left side are independent of 
and this must therefore be the case with the right side also. 

From this relation we can deduce the heat of formBition o 
number of diflerent substances, once the characteiistic ditferer 
been calculated. It must not, however, be forgotten that Hf 
k not a perfectly general one. It does not, for example, hold 
the case of mercury and mdmium compoundsj nor does it w 
solid participates in the reaction. For such substances, ther 
measurements must always he made. The results of in 
raeasui-ement are therefore brought together in the foUowinj 
Where such are wanting the relations just discussed may be e 
to obtain results in most cases very near the real values. The i 
as before, are the heats of formation of the substances fc 
elements. 





§ L Potassium, 




Heat of 
FormatioQ. 


1. 


Potassium 


hydroxide 


KOH 


1032 K 


2. 




monoxide 


K,0,Ac| 


1646 „ 


3. 


II 


chloride 


KCl 


1043 „ 


4. 


ft 


chlorate 


KCIO, 


959 „ 


5. 


If 


perchlorate 


KCIO^ 


1131 „ 


*«. 


fi 


bromide 


l^Br 


951 


7. 


n 


bromate 


KBrO, 


841 „ 


8. 


J) 


iodide 


KI 


801 „ 


9. 


II 


iodate 


KIO3 


1245 „ 


10. 


ti 


sulphide 


K^S 


1012 „ 


11. 


II 


hydrogen sulphide 


KHS 


585 „ 


13. 


it 


sulphite 




2738 „ 


13. 




pyrosulphite 




3716 


14. 


ij 


sulphate 




3446 „ 


16. 


tj 


hydrogen sulphate 


KHSO^ 


2775 „ 


16. 


t} 


pyrosulphate 




8115 „ 


17. 


ti 


nitrate 




1195 „ 


18. 




carbonate 


KXO, 


2811 „ 


19. 


33 


hydrogen carbonate KHCOjj 


2356 „ 



I 



§2. Sodium, 



1. 


Sodium 


hydroxide 


KaOH 


1019 


13 


3. 




monoxide 




804 


13 


3. 


n 


chloride 




976 


ff 


4. 


Jl 


hypochlorite 


NaOCl,Aq 


834 


if 


5. 


II 


chlorate 


NaC103 
NaBr 


868 


ir 


6. 


n 


bromide 


858 


31 


T, 


Jl 


iodide 


Nal 


691 


It 


8, 


»i 


sulphide 




870 


jj 


9, 


ft 


hydrogen sulphide 


NaHS 


540 


II 



i 
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LO. Sodium thiosulphate 



Na^SO, 



11. „ sulphite 

12. „ sulphate 

13. „ hydrogen sulphate NaHSO^ 
U. „ nitrate NaNOg 

15. „ phosphate NagHPO, 

16. „ carbonate NagCOg 

17. „ hydrogen carbonate NaHCOg 

§3. Ammonium. 

1. Ammonium chloride 

2. „ bromide 

3. „ iodide 

4. „ sulphate 

5. „ nitrate 



NagSO^ 



NH4CI 
NH^Br 



NH4I 
(NH,),SO, 



NH4NO0 



LiOH,Aq 
LiCl 
Li^SO, 
LiNO« 



Heat of 


Heat of 


Formation. 


Solution. 


2652 K 


-114K 


2685 „ 


-111 „ 


3288 „ 


2 „ 


2678 „ 


- 12 „ 


1113 „ 


- 50 „ 


4109 „ 


56 „ 


2726 „ 


56 „ 


2299 „ 


- 43 „ 


758 „ 


- 40 „ 


654 „ 


- 44 „ 


493 „ 


- 35 „ 


2822 „ 


- 26 „ 


880 „ 


- 62 „ 


1174 „ 




938 „ 


84 „ 


3342 „ 


60 J, 


1116,, 


3„ 



§4. Lithium. 

1. Lithium hydroxide 

2. „ chloride 

3. „ sulphate 

4. „ nitrate 

§5. Barium. 

No thermochemical experiment is known in which the metal 
hmm. itself is involved. Thomsen, however, has made it seem 
probable that the heat of formation of barium hydroxide is 1940 K. 
K we assume this provisional value to be correct, we can use the heats 
of formation calculated from it just as we do the others, being certain 
of committing no error so long as we keep away from questions where 
metallic barium must be taken into consideration. To denote the 
provisional character of the numbers, however, an asterisk has been 
affixed to them. 



2. 
3. 
4. 
5. 
6. 
7. 



10. 
11. 







Heat of 


Heat of 






Formation. 


Solution. 


hydroxide 


Ba(OH), 


2149* K 


122 K 


monoxide 


BaO 


1242* „ 


345 „ 


dioxide 


BaO^ 
BaClj 


1416* „ 




chloride 


1947* „ 


21 „ 


chlorate 


Ba(C103), 


1450* „ 


-67 „ 


bromide 


BaBr^ 


1700* „ 


50 „ 


sulphide 


BaS 


983* „ 




sulphate 


BaSO< 


3381* „ 




nitrite 


Ba(N02)2 


1787* „ 


-57 „ 


nitrate 


Ba(N03), 


2262* „ 


-94 ., 


carbonate 


BaCO„ 


2834* „ 
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Heat of 
Formation. 


1. 


strontium hydroxide 


Sr(0H)2 


2145 K 


2. 


„ oxide 


SrO 


1284 „ 


3. 


„ chloride 


SrCLj 


1846 „ 


4. 


„ bromide 


SrBrg 


1577 „ 


5. 


„ sulphide 


SrS 


974 „ 


6. 


„ sulphate 


SrSO^ 
Sr(N03)2 


3309 „ 


7. 


„ nitrate 


2198 „ 


8. 


„ carbonate 


SrCOj 


2812 „ 



§ 7. Oalcinm. 

1. Calcium hydroxide 



2. 



oxide 



Ca(0H)2 
CaO 
CaCL 



2149 



1310 



H( 
Hy( 

I 



3. „ chloride 

4. „ bromide 

5. „ iodide 

6. „ sulphide 
*7. „ sulphate 

8. „ nitrate 

9. „ carbonate 
The transformation of arragonite into calcspar is accompan 

an evolution of some 24 K. 



CaBr2 
Cal^ 
CaS 
CaSO^ 
Ca(N03)2 
CaCOg 



1698 , 
1409 
1073 , 
896 , 
3184 , 
2026 , 
2704 , 



§ 8. Magnesium. 

1. Magnesium hydroxide 

2. „ oxide 

3. „ chloride 

4. „ sulphide 

5. „ sulphate 

6. „ nitrate 

§ 9. Aluminium. 

1. Aluminium hydroxide 

2. „ chloride 

3. „ bromide 

4. „ iodide 

5. „ sulphide 

§ 10. Manganese. 

1. Manganous hydroxide 

2. „ chloride 

3. „ sulphide 



Mg(0H)2 2173 K 
MgO 1439 „ 

MgCl^ 1510 „ 

MgS 776 „ 

MgSO^ 3023 „ 
Mg(NO3)2.6aq2105 „ 



A1(0H)3 
AlCL 



AlBrg 

AII3 

AI2S3 



Mn(0H)2 

MnClg 

MnS.aq 



2970 „ 
1610 „ 
1197 „ 
704 „ 
1224 „ 



1632 
1120 
444 
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nous sulphate 

carbonate 
um permanganate 

ron. 

3 hydroxide 

)ferric oxide 
3 chloride 

3 bromide 
>> 

3 iodide 

sulphide 

sulphate 
sulphate 

is taken up by iron 
ion of heat. 

obalt. 



MnSO^ 
MnCOg 
KMnO^ 



Heat of 
Formation. 

2499 K 

2108 „ 

1950 „ 



Heat of 
Solution. 

138 K 
- 104 „ 



Fe(0H)2 
Fe(0H)3 

FeClg 

FeClg 

FeBr2,Aq 

FeBr3,Aq 

Fel2,Aq 

FeS.aq 

FeSO^jAq 



1367 „ 
1982 „ 
2647 „ 
821 „ 179 „ 

961 „ 633 „ 

808 „ 
968 „ 
464 „ 
238 „ 
2356 „ 

Fe2(SO,)3,Aq 6184 „ 
(in cast iron) with absorption, silicon 



)us hydroxide 
chloride 
sulphide 
sulphate 


Co(OH)2 
CoClg 
CoS.aq 
CoS04,Aq 


1318 K 
765 „ 
197 „ 

2305 „ 


183 K 


ickel. 








hydroxide 
chloride 
sulphide 
sulphate 


Ni(0H)2 
NiClg 
NiS.aq 
NiSO^jAq 


1292 „ 
745 „ 
174 „ 

2294 „ 


192 „ 


inc. 








:ide 

'droxide 

loride 

omide 

iide 

Iphide 

Iphate 

trate 


ZnO 858 „ 
Zn(0H)2 1511 „ 
ZnClg 972 „ 
ZnBrg 760 „ 
Znig 492 „ 
ZnS.aq 396 „ 
ZnSO^ 2300 „ 
Zn(N03)2,Aq 1323 „ 


156 „ 
150 „ 
113,, 

185 „ 


admium. 








im hydroxide 


Cd(0H)2 


1341 „ 





chloride 



CdClj 



932 



30 „ 
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Heat of H 
Formation* Sol 

Jl. CadmiUM bromide CdBr^ 752 K 

4. „ iodide Cdig 488 „ 

The halogen comjxumds of cadmium do not obey the la 
thermoneutmlity ; tho heats of neiitmlisation for two equivalen 
hydrochloric, hydrobromic, and hydr iodic acid are rofspcctivelf 
215, and LH^ K, instead of being equal, as is the aise with mo 
corresponding salUi. 



5. Cadmium i^iilpliido 


CdS,aq 


324 K 


6. „ sulphate 


CdSO, 2212 

cd(mXM 1161 „ 


7. „ nitrate 


8, „ carbonate 


CdCOs 


1819 


§16. Copper 






1. Cupric oxide 


CuO 


S72 „ 


2, Cuprous „ 


Cu^O 


408 „ 


3. Cupric chloride 

4. Cuprous „ 


CuCl, 
Cu^Clg 


516 „ 


657 


5. Cupric bromide 


CuBr^ 


326 „ 


6, Cuprous ,j 


Cu^Br., 


500 „ 


7. Cuprous iodide 


325 , 


8. „ aidphide 


Cu^S 


183 „ 


9. Cupric sidphate 


CuSO, 

Cu(NO,),,Aq 


1826 „ 


10. „ nitrate 


823 „ 


§ 17. Merciiry* 







n 




By choosing an unsuitable method, Thomseu obtained for the hej 
formation of the mercury compounds values which were affected 1 
considerable error. Nernst {1888) has made more accurate detent 
tious. It is necessary to refer to this fact^ as from the use of the o 
numbers there have repeatedly arisen dilficulties and contradict 
which entirely disappear with the new values. 

L Mercurous oxide Hg^O 222 K ^ 

2. Mercuric „ HgO 207 „ ~ 

3. Mercurous chloride Hg.,Cl., 626 „ 

4. Mercuric „ HgCl^" 532 „ - 3 

5. Mercurous bromide Hg^^Br^ 405 „ 

6. Mercuric „ HgBr^ 160 „ 

7. Mercurous iodide Hg.jl^ 284 ,j 

8. Mercuric Hgl^ 243 „ 

The halogen compounds of mercury, like those of cadmium, d( 
obey the law of thermoneutrality. 

9. Mercuric sulphide HgS 49 K 

10. Amalgams. The alkali metals combine with mercury with 
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ution of heat. Solid potassium amalgam, KHg^g ^ ^^^^ 
aation of 340 K ; sodium amalgam, NaHgg, 21 1 K As potassium on 
ibining with mercury evolves much more heat than sodium, sodium 
ilgam acting on water or acids gives out about 60 K more than 
assium amalgam 



§18. Silver. 

Silver oxide 

„ chloride 

„ bromide 

„ iodide 

„ sulphide 

„ sulphate 

„ carbonate 

„ nitrate 

§ 19. Thallium. 

Thallous oxide 
„ hydroxide 
„ chloride 
„ bromide 
„ iodide 
„ sulphide 
„ sulphate 
„ nitrate 

Thallic hydroxide 
„ bromide 

§20. Lead. 

. Lead oxide 
. „ chloride 
„ bromide 
„ iodide 
sulphide 
sulphate 
nitrate 
carbonate . 

§21. Bismuth. 

1- Bismuth trichloride 

2- „ oxychloride 

3- „ hydroxide 

§22. Tin. 

1. Stannous hydroxide 
2- „ chloride 
3. Stannic chloride 



Ag^O 

AgCl 

AgBr 

Agl 

Ag^S 

Ag^SO, 

Ag^CO, 

AgNOg 



Heat of 
Formation. 

59 K 

294 „ 

227 „ 

138 „ 

33 „ 

1673 „ 

1229 „ 

287 „ 



Heat.of 
Solution. 



45 K 



- 54 









Oi „ 


TIOH 


570 


» 


- 32 „ 


TlCl 


486 


>> 


- 101 „ 


TlBr 


413 


if 




'PIT 
111 




»> 




TlgS 


197 


j> 




T1,S0, 


2210 


>> 


- 83 „ 


TlNOg 


582 


» 


- 100 „ 


T1(0H)3 


1458 


>> 




TlBr3,Aq 


564 


>> 




PbO 


503 


>) 




PbCl^ 


828 


>> 


- 68 „ 


PbBr.3 


645 


» 


- 100 „ 


Pbl, 


398 


>> 




PbS* 


183 


>> 




PbSO^ 


2162 


>> 




Pb(N03)2 


1055 


» 


- 76 „ 


PbCOg 


729 


>> 




BiClg 


908 


>> 




BiOCl 


882 


>> 




Bi(0H)3 


1717 


>j 




Sn(0H)2 


1365 


>> 




SnCl^ 


808 


>> 


3 „ 


SnCl^ 


1273 


» 


299 „ 
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§ 23. Gold. 

The gold precipitated from solution comes down in different i 
fications with variations of energy from 32 K to 47 K. The folio 
numbers refer to the variety with most energy, viz. that precipii 
by sulphur dioxide from the chloride. 



1. Auric hydroxide 



2. 
3. 
4. 
5. 
6. 
7. 
8. 



Auric chloride 
Chlorauric acid 
Auric bromide 
Bromauric acid 
Aurous chloride 
„ bromide 
„ iodide 



Au(0H)3 

AugOg-aq 

AuClg 

HAuCl4,Aq 

AuBr3,Aq 

HAuBr^jAq 

AuCl 

AuBr 

Aul 



Heat of 
Formation. 

960 K 
- 132 „ 
228 „ 
713 „ 

51 „ 
412 „ 

58 „ 

- 1 „ 
-55 „ 



He 
Soli 



§ 24. Platinum. 

1. Chloroplatinic acid 

2. Bromoplatinic „ 



H2PtClg,Aq 1632 „ 
HgPtBrgjAq 1138 „ 

The heats of neutralisation of the two acids are the same as tl 
of hydrochloric acid. 

H9PtCl4,Aq 1202 K 
HgPtBr^jAq 884 „ 



3. Chloroplatinous acid 

4. Bromoplatinous „ 

5. Platinous hydroxide 

§ 25. Palladium. 

1. Palladious hydroxide 

2. Chloropalladious acid 

3. Palladious iodide 

4. Palladic hydroxide 



Pt(OH), 



863 



Pd(0H)2 911 „ 

HaPdCl^.Aq 1265 „ 

Pdl2 182 „ 

Pd(OH)^ 1672 „ 



CHAPTER VI 



ORGANIC COMPOUNDS 

Jfi thermochemistry of organic compounds is rendered specially 
.cresting by the circumstance that most of the energy used in the 
iustrial arts, as well as all the energy of living organisms, is got from 
e combiistion of organic compounds. The accurate comprehension 
leref ore of the economy of these working systems must be preceded 
a knowledge of the amount of energy contained in the substances 
^hicb come under consideration. 

Unfortunately the special peculiarity of the processes between 
arbon compounds, which almost without exception take place slowly, 
)r under pressure at high temperatures, has restricted any extensive 
research in this domain. There is practically only one method for the 
ietermination of the energy in organic compounds, just as there is but 
one in organic analysis, and that method is the same in both cases, 
viz. complete combustion. The heat here appearing is the same 
as that taken into consideration in the first instance in the technical 
or physiological utilisation of organic substances, and thus the heat 
of combustion plays a very important part. 

If the heat of combustion of an organic compound be subtracted 
from those of its elements, we obtain, according to the fundamental 
principle of energy, the heat of combination of the compound from its 
elements. This has merely an arithmetical significance, as we have 
scarcely ever been able to form organic compounds directly from their 
elements. For the purpose of calculating heats of reaction the heats 
of combustion can, however, be used just as well, for the difterence of 
the heats of combustion of the substances before and after the reaction 
is equal to the heat developed by the reaction itself, as can also be 
easily shown from the fundamental principle. 

The heat of formation of organic compounds differs according to 
the form of carbon taken. Berthelot calculates from diamond. As the 
heat of combustion of this substance, however, has been determined by 
two experiments only, these two differing by 20 K, the basis of this 
calculation seems not sufficiently secure. It would therefore perhaps 
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l>e better to refer the heats of forma tiou to amorphous carbon, tJiffl 
heat of combustion of which has beeti accuratelj determined fromlfl 
good number of concordant experiments. In piinciple, of courB6,iM 
makes no difference which we choose. The numbers which follow 1^1 
calculated with respect to amorphous carbon. I 

The combuBtion of organic bodies first reached an advanced stags M 
development iu the hands of Favre and Silbermann (1852). These cheoi^| 
conducted the combustion in a njetal chamber supplied with oxygen ; tul 
substance to be burnt;d \vm, acconling to its natrtrej contained in a Mm 
basket or in a mmiU lamp, and the ga^a^ xirodiiced on the comhustion ViH 
led through a long metal worm, whichj along with the combustion chamlM 
itself, was immersed in the water of a large (;aloriraeter. I 
The metliod was afterwards misdified in various waya. Witt dae careiM 
gives good results^ but it ia Tcrj difficult to conduct the combuitioa aa iktn 
shali be (^uite complete. I 
A second method, introduced by Frankland (1866), and perfected ™ 
Stohmann (1879), is now almost entirely abandoned. It consists in miiiid 
the substance with potassium chlorate and letting the mixture burn tu n 
bell-jar under the water of the calorimeter. The experiments are difficuffl 
to perform and often miscarry. I 
Berthelot, finally^ has worked out (1881 and 1884) a method accordinJ 
to which the substance is burnt in a stout-walled vessel lined with pl^tiu^l 
and lilled with strongly compressed oxygen (Fig- 4^1 1 
Ignition is brought about by an electric apai^k, or bjr J 
heating a thin iron wire to incandescence by nieaaB tij 
an electric current^ and allowing its glowing prodmfe I 
of combustion to drop on the substance. The whole I 
" calori metric bomb " is covered by the water of a wilori- 1 
meter. This method has the merit tliat the experimefi^ I 
take up but little time and are almost always succeesH I 
but, on the other hand, it requires extensive and cofelJn 
a];>iiaratus. I 

In the calculation of the experimental results itj 
must be borne in mind that both the oxygen! 
necessary for the combustion and the carbonic acid j 
which is formed J are in the gaseous state. In coaH 
sequence of the disappearance of the former, htnt is | 
developed by the e3cternal air entering to take it^ 
place. The amount of this is 2 T cal. per grani' 
molecular-iveight (p. 72), or in the calories 
employed '02 x T ; at 18' this is 5-83 K. To reduce the heats of 
combustion to constant volume we must therefore ad<i 5^82 K foreadt 
molecule of oxygen used in the combustion, and subtract 5*82 K f€C 
each molecule of carbon dioxide (or of any other gas) formed. 




We must also take into consideration the state of aggregation of tS 
substances investigated. For reducing to the gaseous state we have ib 
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approximate rule that the heat of vaporisation at the boiling-point T 
(measured on the absolute scale of temperature) is about - '25 T. The rule 
is accurate within about ten per cent, and serves at least for preliminary 
calculations. 

The influence of the solid condition of the substance is not so easy to 
eliminate, as the relations between the heat of fusion and the nature of the 
substance (as well as other circumstances) have not yet been made clear. 
The amount varies very much, from a few up to 50 K. 

Before we proceed to the numerical values in the following pages, 
it ia necessary to state that a great number of them have been recently 
called in question. The various investigators are at present engaged 
in a controversy as to the relative accuracy of the methods adopted by 
them, a controversy which, in whatever way it may finally be settled, 
at least shows that errors of several per cent in the heats of combustion 
have been made on one side or the other. The numbers which follow 
are therefore only to be used within such limits of error. 

The following heats of combustion have been found for the hydro- 
carbons of the methane series — 



CH4 2119 K 

CoHs 3704 „ 

C3H8 5292 „ 

C4H10 6872 „ 

CsHia 8471 „ 

CsHh 9992 „ 



Difference. 

1586 K 
1688 ,, 
1580 ,, 
1699 „ 
1621 „ 



The difference between the heats of combustion of neighbouring 
homologous hydrocarbons is very nearly constant. 

To calculate the heat of formation, we have, for example, the 
heat of combustion of the elements of methane, CH^ equal to 
9^0 + 2 X 683 = 2336 K, and that of methane itself equal to 2119 K. 
The difference of 217 K is the heat of formation of methane from its 
elements. 

For every addition of CHg the heat of combustion increases 
the average 1580 K- The heat of combustion of the elements is 
^T^O + 683 = 1653 K. Consequently the heat of formation of a hydro- 
^rbon increases by about 73 K for every CHg added, and is in general 
a hydrocarbon of the formula CnHgn + 2 equaHoJ^ 
The unsaturated hydrocarbons of the ethylene group show the 
^^e difference in ascending the homologous series — 

^ ^ -.y Difference. 

r^' lilt'' 15^3 K 

CJjHe 4927 „ ^ 

C4HS 6506 „ \fl - 

C5H10 8076 „ ^""^^ 

The heat of formation of the substances CnHgn is - 173 + n73 K . To 
form ethylene from its elements 27 K would be required. 
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Similar relations are found in other homologous series, e.g, in tlie 

alkyl chlorides and bromides, and in the alcohols. Thomsen thu 

gives — Difference. 

Methyl chloride (gaseous) 1648 K 11:71 ir 

Ethyl „ „ 8219,, 

Propyl „ „ 4802 „ " 

Isobutyl „ „ 6379 „ " 



Methyl iodide (gaseous) 2015 K _ 

Ethyl „ „ 3692 „ ^ 

As the homologous differences of all these substances are equal, the 
differences between the heats of combustion or formation of the 
corresponding chlorine, bromine, and iodine compounds must also be 
approximately equal. 

For the series of alcohols the heats of combustion determined by 
Thomsen are as follows — 

Difference. 

Methyl alcohol (gaseous) 1822 K i kqq r- 

Ethyl „ „ 3405,, ^ 

Propyl „ 4986,, J^^J " 

Isobutyl „ „ 6586 „ i«ifl " 

Isoamyl „ „ 8201 „ " 

Here again we have approximately equal differences ; for the 
alcohols they increase somewhat, but it is not improbable that these 
values have been determined too high. 

We can imagine ethyl alcohol to have been formed of ethylene and 
water. The heat of combustion of ethylene is 3334 ; that of water is 
0. As ethyl alcohol has a somewhat greater heat of combustion, viz. 
3405 K, the difference of 71 K must have appeared in the union of 
water with tlie ethylene, which union is therefore accompanied by an 
absorption of heat. This example shows how erroneous is the so-called 
"Welter's rule," according to which the heat of combustion of an 
organic compound is found by adding together those of the elements 
after removal of as much of the oxygen and hydrogen present as ^ill 
go to form water. 

The heat of combustion of the alcohols has also been investigated 
by Stohmann. His numbers, which are for the liquid state, are 
smaller than Thomsen's, the difference being greater than can be 
accounted for by the heat of vaporisation alone — 

Difference. 

]\[ethyl alcohol 1,685 K 

Ethyl 3,246 

Propyl „ 4,811 

Butyl ,, 6,376 

Amyl „ 7,934 

Capryl ,, 12,622 

Cetyl ,, 25,109 



1561 K 

1565 „ 

1565 „ 

1558 „ 

3x1666 „ 

8x1561 ,. 
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The general relation that the differences between the heats of com- 
bustion of homologous compounds are equal, is seen in these numbers 
also, which probably come nearer the truth than Thomson's. Thnt 

C OIlstant diffftrfinnft \^ nomPW^flt g^qllQT- i^f^y af^np^Tit/fid for hy:.iJift 
i licrease of the heat nf vapori hatiif^^ ^'"^^^^.fil'ng ^^^^^"^^^ TfiirT^^ 

On the combustion of isomeric alcohols the same amoiint_Q f heat iojn 
general evolved . The numbers obtained by some investigators are abnormal, 
but the great majority of instances seem to show that isomeric compounds of 
identical or similar function contain very nearly the same quantity of energy, 
80 that the thermal effect on their transformation one into the other is very 
smalL Thomsen, for example, found 4986 and 4933 K for gaseous normal 
propyl and iso- propyl alcohol respectively. Luginin obtained 6367 and 
6413 K for isobutyl alcohol and trimethylcarbinol ; from the last number 
we should subtitact the heat of fusion, which although not yet exactly known, 
must be about 40 K. In other cases greater differences have been found, but 
it is just there that the observations are contradictory amongst themselves. 

Stohmann has furnished us with plentiful data for polyatomic 
alcohols and carbohydrates, his investigation being undertaken with 
reference to the thermal economy of animals. 







Heat of 
Combustion. 


Heat of 
Formation. 


Thermal Effect. 


Erythrite 


C4H10O4 


4,972 K 


2324 K 


- 408 K 


Arabinose 




6,542 „ 


2723 „ 


- 692,, 


Mannite 


C6Hi40e 


7,169 „ 


3334 „ 


- 764,, 


Dulcite 




7,113,, 


3390 „ 


- 708,, 


Dextrose 


CeHi20g 


6,646 „ 


3274 „ 


- 824,, 


Lactose 


CgHigOg 


6,586 „ 


3334 „ 


- 754,, 


Cane-sugar 


Ci2H220]j 


13,222 „ 


5933 „ 


-1580,, 


Milk-sugar 




13,259 „ 


5996 „ 


-1519 „ 


Melitose 




19,797 „ 


6651 „ 


- 4477 „ 


Arabic acid 


C12H22011 


13,694 „ 


5461 „ 


- 359,, 


Cellulose 


CgHioOs 


6,717 „ 


2519 „ 


- 897,, 


Starch 




6,679 „ 


2557 „ 


- 859,, 


Inulin 


CgHioOg 


6,593 „ 


2643 „ 


- 772,, 



t^lie numbers show that all these substances have a pretty high 
neat Qf formation. By subtracting the heat corresponding to the 
cleirients of water, we get the differences contained in the third column, 
or tHe "errors" of Welter's rule, which are here very considerable. 
^ imagine the carbohydrates to arise from the combination of 
^t>on and water, the quantities of heat in the last column would be 
^"Sorbed. On the other hand, when these substances undergo com- 
bustion in the animal organism, so much more heat is liberated than 
would be the case if the carbon were merely burned as such. This 
^j^plains the fact, incomprehensible to the earlier physiologists, that 
animal produces an apparent excess of heat over the quantity 
calculated from the carbonic acid evolved. 

R 
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mm T 



Formifi a*nd 


OH,Oa 


590 K 


Acetics J, 




2.133,, 


Propionic) 


CfllieOs 


3,67£> „ 


Butyric j. 


c^HA 


5,227 „ 


Valerianic „ 




6,767 „ 


Cajiroic 




8,S12 


Capr^'lit3 „ 




11,400 


CapritJ ,1 




14,495,, 


Lauiic „ 




17,572 


Myristie ,^ 




20,M6„ 


Palmitio „ (solid) 




23,619 „ 


Stearic (solid) 




26,778 „ 



Tho sitmo constant diHerence in the homologaiis series is seen mil 
mldn aim Thu following befits of cmiibustion of the acetic series w 
determined hy Btohmann, and refer to tke liquid substances : — 

1543 K 
1&46 „ 
1548 
1540 „ 
1545 
2 ^ U44 „ 
2x1548 
2 X 1539 „ 
2x1532 „ 
2x1487 „ 
2 X 1580 

Similar relations amongst other homologous substances have 
often obaerYedj but as thej contain nothing new they need not 
given here. 

The substances derived from the combination of the alcohols witi 
themselves, and with acids, with loss of water— the simple and com- 
pound ethers— have mostly a heat of combustion differing but little 
from the sum of the he^ts of eombustion of their components, showing 
that these actions take place with very slight thermal change. The 
thermal change which does take place has often the negative sign, 
the suljsUioces alisorb heat on combination. 

Thus the heat of combustion of ethyl ether (C^B.^)^0 is 6600 & 
while twice that of alcohol is 6492 K — giving 108 K, for the process of 
etherification. The expelled water has here been supposed iiquii 
however, so that we ought to subtract its heat of vaporisation. We 
obtain then only 13 K for the heat of the following reaction— tbe 
substances being all gaseous 

The numbers obtained from the comi>arison of the heats of com- 
bustion of the compound ethers and of the alcohols and acids arw 
similar. The former are mostly from 10 to 20 K greater than ibfl 
sum of the latter. This rule may be used to calculate with dm 
approximation the heat of combustion of or^nic compounds fom 
with loss of the elements of water, 

Tiic aldehydes stand between the alcohols and tbe monobasic acida m 
the .same number of carbon atoms, in respect of their heat of combusii 
With them rank the ketones, even tke somewhat distant type of isomeri 
between the two series having no decided effect on the heat of oombusti 
Tims we liave for propionic aldehyde, CgH^COH, 4407 K, and for ace 
(CHjj).,CO, 437 !^ Kj both aub^jtancee being in the gaseous state. 
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ierj little of a general character can be said of the organic 
ogen compounds. It is remarkable that a considerable ab- 
bion of heat accompanies the formation of cyanogen from its 
ents. The heat of combustion of (CN)2 is 2596 K, while that of 
atoms of amorphous carbon is 1940 K; the considerable quantity 
56 K is thus taken up. In this respect cyanogen resembles 
^lene, which likewise is formed at high temperatui-es with great 
rption of heat (about 500 K, as the heat of combustion is from 
) K to 3150 K). 

rVTien cyanogen combines with hydrogen, 107 K are evolved per 
of hydrogen. This number is near the number for hydrogen 
tide. The heat of formation from the elements remains negative 
75 K). That hydrogen cyanide behaves as an extremely weak 
has already been mentioned (p. 220), 



Difference. 
1622 K 
1621,, 



leat of combustion of the amine bases (Thomsen). 

Methylamine CH3NH2 2583 K 

Dimethylamine (CH3)2NH 4205 „ 

Trimethylamine (CH3)3N 5286 ,, 

'he difference for CHg is rather greater than usual, but the compounds 
3t homologous in the real sense. If we compare the following — 

Difference. 



Methylamine CH3NH2 2583 K 



1574 K 



Ethylamine C2H5NH2 4157,, 

Propylamine C3H7NH2 5757,, ZZy' 

Isobutylamine C4H9NH2 7254,, j^^J " 

Amylamine C6HnNH2 8906,, 

ad somewhat varying differences, the mean, however, 1581, being equal 
e constant of the preceding homologous series. 

'he heats of combustion of the nitrogenous final products of 
bohsm in the animal are given by Stohmann as follows — 

Urea C0(NH2)2 1,479 K 

Uric acid C5H4N463 4, 404 , , 

Hippuricacid CgHaNOg 10,099,, 

he heat of combustion of numerous aromatic compounds has also 
determined. The chief results have exactly the same form as in 
ase of the fatty compounds, so that only a cursory notice is 
3ary. 

he heat of combustion of benzene has had different values 
led to it. Thomsen found 8000 K for the gaseous substance, 
Berthelot and Stohmann give considerably smaller values, viz. 
K and 7875 K. With the homologues of benzene we again see 
icrease of 1550 to 1580 K for each CHg, the different isomers 
ng no great variation. A few heats of combustion, determined 
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by Stohmann, for other aromatic substances may serve to give a 
general idea of the relations here involved. 



Phenol 


C«H«0 


7237 K 


Pyrocatechin 




f OOo^ , , 


Resorciii J- 




J fi^Oft 
-to / UO ), 


Hydro€[uiiioiie / 




vO/Ul , , 


ryrogallol 1 




/6163 ,, 


Phloroglucin J 


1 AT 

I Dl/0 ., 


o-Cresol ^ 




rSSSO ,, 


UX'KjlfSoiJL r 




T OOiv J ) 


p-Cresol J 




18829 „ 


Anisol 


C^HgO 


9013 „ 


Benzoic acid 




7663 ,, 


,, aldehyde 


C^HeO 


8417 „ 


alcohol 




8953 „ 


Methyl benzoate 


CgHioO 


9440 „ 


Phthalic acid 




7570 „ 


Salicylic acid 


C7HQO3 


7236 „ 


Methyl salicylate 




8988 „ 


p-Oxybenzoic acid 




7158 „ 


Methyl p-oxybenzoate 




8892 „ 



The rules given above are here also generally obeyed. It is 
remarkable that while the three isomeric cresols, CH3*CgH4'0H, have 
the same heat of combustion, the metameric anisol, CgHg'OCHg, differs 
considerably from them. It is evident from the comparison of 
o-oxybenzoic acid (salicylic acid) with p-oxybenzoic acid that not all 
position-isomers have the same heat of combustion. 

We may calculate the heats of combustion of the homologues of 
the above compounds with sufficient accuracy by adding 1550 K for 
every increase of CHg. 
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THE SECOND LAW OF THERMODYNAMICS 

^^B^MICAL energy, though the source of all physiological as well as of 
*U technical work, cannot be transformed directly into such ; — for the 
^ost part heat, and sometimes electrical energy, appears as an inter- 
mediate form. It is therefore of importance to know the laws of the 
^^tisformation of heat into other forms of energy. 

A process, i,e. a change in the state or distribution of energy, only 
^kes place when the intensity of the energy (p. 208) is different at 
neighbouring situations. The intensity of heat is temperature ; 
blithe power of doing work possessed by heat depends therefore on 
differences of temperature. No quantity of heat -energy, however 
gteat, can perform the smallest quantity of work when it is collected 
a number of bodies all having the same temperature ; and we see at 
once that the quantity of heat transformable into work must increase 
proportionately with the disposable difference of temperature. 

Further consideration shows that even the heat given up by a hot 
body while sinking to the temperature of neighbouring bodies cannot 
completely pass into mechanical energy. If we imagine, for instance, 
the systepoL to consist of two bodies, say a hot iron and a cold mass 
of gas enclosed in a cylinder with a movable piston, then, if we bring 
the hot iron into the gas, the latter experiences a rise of temperature, 
expands, and performs the corresponding work. This, however, cannot 
take place other^vise than by the use of a portion of the additional 
heat to raise the temperature of the gas — a portion which is not 
and cannot be transformed into work. The fraction of the total heat 
transferred which can under the given circumstance be turned into 
work is called the economic coefficient. 

This necessity, that a part of the heat employed to produce work must 
fall to a lower than its original temperature, was recognised by Sadi Camot 
as early as 1824. It caused him to compare the passage of heat from a 
higher to a lower temperature with the fall of a weight, and in this fall to see 
the source of the work to be obtained from the heat. 
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At the preseTit time such a conception is not tenable. We kDOf 
that heat and work are of the same nature — are both, in factj fonm 
of energy, and that the one ciin only be prminced when the propor- 
tionate quantity of the other disappears. In this poiiitj ther{?forey 
Carnot s ideas were erroneous. But in spite of the error Carnot dis- 
co ve red another principle of decisive importance for the trjinsforiiiadoii 
— the law, namely, that the quantity of work obtainable tinder 
given circumstances from a certain quantity of heat is ^ 
function of the temperature only, being independent of 
nature of the working substances and of the particulur 
process employed. 

The principle follows Immediately from Oarnot'a wrong conception : ji 
OS the work obtainable from a quantity of water depends only on the fe^ 
80 the work got fi-oni the " fall iif heat " can only be a function of the tempear 
tiire. When the unsoundneaa of this reasoning came to be recognised, quit* 
new confii derations had to be introduced. 

These we owe to Ckusius, who stated the principle that hm 
cannot of itself pass from a cold to a hot body. This m t 
special case of the general principle that changes in the state of the 
energy of given systems can only take place when the intensities of 
the energies are different 

In order to prove on this new basis that the heat available fw 
transformation into work depends only on the temperature, we consider 
a process in which the working substance after a series of suitable 
transfoiTnations finally comes back to its initial state. Such a procesa 
is called a cycle. It shall further be subject to the condition that 
every transference of heat or change of volume may equally well ocm 
in the opposite sense, in other words, the differences of temperature 
and pressure must be infinitely small Such a cycle is called re- 
versible.* 

By means of these reversible cycles we can transform at plaasura 
work into heat, or heat into work. If, for example, a gas ia allowed 
to expand at a high temperature and a correspondingly high pressure, 
thereby doing work, and is then cooled and compressed at a lover 
pressnre, work being therel>y done on it, the latter araount is less tlsM 
the former, so that on the whole we olitain some work in excess, H 
the process be gone through in the reverse direction, more work ^ 
spent than is gained, and heat of a higher temperature is produced. 

Let us now consider a reversible cycle of operations to be so per- 
formed, that at the higher temperature the quantity of heat % is 
supplied to the working substance, which again at the lower tempera^ 

* The actuJii reaUaation of such reversible cycles ivould bo of in finitely loBg 
duration. They are, therefore, only introduced a.s ideal limiting cases, juat as i» 
dynamics wo speak of perfectly rigid solids, perfectly elastic bodies, etc,, althoa^ 
tbcao sukstances have no real existence. 
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T., gives up the smaller quantity of heat Q.j. Tho quantity 
ed into work is then Qj - Q^. 

"^e BOW perform a second cycle between the same temperatures 
cb a way J that at; the lower temperature T^^ is cummimioated 
e working substance; then we let so much work bo spent upon 
bat the same quantity of heat is again given up at the higher 
Empei-ature, but to this must be added the amount of heat corre- 
londing to the work done, so that at the total quantity of heat 
!;\ is given up. The question arises as to how Q\ is related to , 
low Q\ cannot be greater that Q,^, for then Q\ - Qj would of itself " 
lave risen t«:i a higher temperatiu^e, for after the completion of the 
wo cycles all the substances are in their initial state. Q'^ might 
ibeii, perhaps, be less than Q^. But neither h this in accoixiance 
nh the principle stated above, as we at once see if we consider the 
lycles to be performed in the reverse way, which according to our 
assumption may be done. For theji Q'^ is communicated to the 
aubatance and does so much work that by its means the quantity 
(which is gieater than Q,'^) can be raised to the higher temperature. 
Here again we have heat "of itself' jissuming a higher temperature, 
wtich is in contradiction to our principle. Nothing therefore remains 
but to conclude that i.e. that the ratio of the heat transform- 

a.blo into work to the whole heat transferred is in such reversible 
cycles iiidependent of the nature of the process and of the working 
substance, and is determined only by the temperatures between which 
the substance works. 

I It is J therefore, only necessary to determine this ratio for any one 
^roeess in order to establish it quite 
generally. Gases are best suited to our p 
purpose, as the relations obtaining Tvith 
ihem are most easily studied. We allow 
iquantity of gas (say 2 g. of hydrogen) 
b perform the following cycle, which we 
^present graphically by Fig. 50. 

Let the gas at first have the pressure 
\ and the volume Vj at the tempera- 
ture T,. We allow it to expmd a little, 
fte temperature remaining constant j it 
s necessary for this purpose that a quantity of heat correspond- 
^ Uy the work should be communicated U) it. Pressure and 
are then pg and v^. Next let us remove the source of 
fceat and allow the gas to expartd further. Here again it performs 
fork, hut receiving no heat from external sources, it must expand 
te own heat and therefore grow colder : let the temperature it 
te^wthes be T', the pressure and volume being p^ and v^. We now 
compress the gas. Work is required for thisj let us remove the 
leat as it is produced so that the temperature T' is retained, the 
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presaure aiitl volume, however, becoming and v^. Finally, let 
isolate the gas and compress it further. The heat produced remains 
in the gas and raises its temperature, and the last part of the piocesi 
is so arranged that when the gas reaches the initial tempemture T it 
BhaXi also have the initial pressure and volume and Vj — an arrange- 
^ ment always |>osaibIe. 

The work done by the gas in this cycle is represented by the 
curvilinear quadrilateral 12 3 4. This work, namely, is always thi 
^product of presBnre and change of volume of the gas, so that tk 
surface a I 2 represents the work for the passage from 1 to % it 
being always decomposable into as many small strips as we please, 
whose height is the pressure and whose breadth is the very smiH 
change of volume. In the same way p 2 3 y is numerically equal tio 
the work from 2 to 3 ; from 3 to 4 we have the work S 4 3 7 ; and 
from 4 to 1, lastly, a 1 4 5. If the sum of the two last is euhtractd 
from the sum of the two first, the (juadrilateral 13 3 4 remains ^ 
measure of the work done in the whole cycle. 

Now the work which a gas can perform by expanding firani ih 
volume Vj to the volume Vg, the temperature T remaining constant, is 

given by ETlg^ (p. 71), E being the gas -constant (equal in thenn»l 

measurement to 2 caL for a gram -molecular -weight), ConsequeEtlj 
the heat Q to be communicated in this part of the cycle is equal to 

2 Tig -^f the gas requiring no he^tt for mere change of volume. Frow 

2 to 3 no heat is taken up according to our assumption. The gas ott 
being compressed from 3 to 4, gives up a quantity of heat Q', specified 

by a similar formula, Q' ^ 2 Tig Between 4 and 1 again no beat 

enters or leaves the substance. 

Consequently the ratio of the heat taken upj Q, to the heat gi^eu 
out, Q.^ is 



Q' 



13. 



For the processes 2, 3 aud 4, 1, the formula developed on p- 
holds good, as heat neither enters nor leaves the system ; so that 

XVg/ P^ P^ 

Now pv = RT, and in particular p^v^ - RT and p^v^ — RT'. Tb^ 
p V T' p V T* 

^ = ^=^3 and similarly ^ = -^. By substituting these valuei 
V3 i Pi ^4 ^ 
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equations we get after a slight transformation 



^3 ^4 ^2 ""S 

ich was to be proved. In this way the ratio of the two quantities 
heat comes to be 

lie amounts of heat entering and leaving the working system in this 
rcle are therefore in the ratio of the absolute temperatures at which 
ley enter and leave. 

By simple transformations we may bring the last equation into the 
)llowing forms : — 

Q-Q- _ T-r ^ Q-Q^ _ T-r 

Q - ^ ana - ^, . 

l^ow Q - Q' is the heat transformed into work ; consequently the heat 
transformed into work is to the total communicated heat as the 
iifference of the temperatures between which the process takes place 
is to the absolute temperature of the communication ; and in the same 
way the transformed heat is to the heat leaving the system as the 
difference of temperature is to the temperature at which the heat 



If only small differences of temperature are considered, the work 
which a quantity of heat can perform in a reversible cycle is inversely 
proportional to the absolute temperature at which the transformation 
takes place. 

Were it possible to reach the absolute zero of temperature, T' in the 
— 0' T — T' 

equation ^ = would assume the value 0, and the right-hand side 

Would become equal to unity. From this it follows that Q' = 0, i.e, if the 
lower temperature could be made the absolute zero, all the heat communi- 
cated would be transformed into work. 

Q - Q' 

The quantity — — — is what we formerly termed the economic coefficient. 

As the reversible cycle above described is the most perfect imaginable, it 
follows that the economic coefficient or the efficiency of an engine .can 
T - T' 

^ever be greater than — ^jj— • A steam-engine, for example, working with 

^team at 150° C. and a condenser at 17** C. can at most transform only 
150-17 . i_ T 

150 + 273 "^'^-^ or scarcely a third of the heat it receives mto work, in 

practice the result is mostly much less favourable. 

With the same final temperature we get greater efficiency as the initial 
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tem|iemture rises. Between lOOO"" C* and 0° C. a i>erfect engine wo 
traDsform as tnut h as *786, or nearly four-tifths of the heat into work 

The principlo that the transformable heat is invei^sely proportional 
to the absolute temperature has numerous imi>ortant applications. 
Although higher mathematics ia Indispensable for their rigorous 
development, still a few of them may at least bo indicatod. 

With the help of the jirinciple we aiTive at a very lnii>ortant 
"elation respecting tho vaponsation of liquids. Let us consider unit 
Qass of a liquid whose volume is and which is under the pressnfli 
pj^j equal to the pressure of its vapour; let the temperatiu-e be T. If 
we raise the temperature by a very little, say from T to T + dT, 
understanding by the symbol d that a very small fraction of tbe 

magnitude following is in- 
dicated, the volume increases 
by dv and tbe pressm-e by d^t 
Suppose the liquid to pass 
entirely into vapour. For tlus 
purpose we must conununi- 
cate to it p units of heat, f 
being the latent heat of tte 
vapour. The pressure during 
this time remains constant^ 
and the volume increases very 
considerably \ XMb increase, or 
the volume of the viipoor 
minus that of the liquid^ we shall call u. Let now the vapour k 
again cooled through dT, andj at the temperature T, and the corre^ 
sponding pressure p, bo condensed to liquid until it returns finally tw h 
initial state. The graphic representation of this cycle ia given in Fig. -tI, 
where the work obtained is represented by the quadrilateral 12 3 4. 
The equation Q - Q' T - T 

" "T" 

holds good, and Q - Q' being the heat transformed is equal to tlie 
work given by the quadrilateral 12 3 4, The area of thia is e{|ual tt> 
the product of the line 1 4, representing the difference of volume ^ 
on vaporisation, into the height, which is the increase of pressure dp ; 
consequently Q - = udp. Tbe communicated heat Q. is the latent 
heat p of the vapour. For T-T' we substitute dT, the difference d 
temperature of the two operations of the cycle, and therefore obtain 

udp_dT 



The equation is usually written in the form 
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gives a relation between the heat of vaporisation, the increase of 
ime, and the rate of change of pressure with the temperature.* 

By means of this equation we can easily prove the statement made on 
L39 that the curves of vapour pressure for ice and water meet at a definite 
;le. For the vaporisation of ice we have a similar equation — 

from this we subtract the first equation, we get 

/dp' dp> 



he magnitude dp' stands for the increase of the vapour pressure of ice 
pought about by the rise of temperature dT ; dp is the same value for 
^ater. The heat of vaporisation of ice p is greater than that of water p by 

be heat of fusion of ice. A, i.e. p ~ p = X, The curve for ice is thus 

teeper than that for water, for the rate of increase of pressure is greater by 
his amount, and the corresponding curve must therefore below 0** C. have 
horter ordinates than those for the (overcooled) water, as is graphically 
•epresented on p. 139. 

Another conclusion which we may draw from the foregoing 
equation serves to connect the melting-point of ice with the pressure. 
We write the equation in the form 

dT = %, 

P 

and have in dT the change undergone by the temperature of trans- 
formation owing to the change of pressure dp. If, as is the case for 
vapours, the magnitude u, or the volume in the second state minus 
the volume in the first, is a positive magnitude, then as T and p are 
also positive, dT and dp have the same sign — the pressure increases 
simultaneously with the temperature. When ice changes into water 
the volume is diminished ; u is therefore negative, and dT and dp 
We different signs, i.e. by increasing the pressure we lower the 
Peking- point. For other substances expanding on fusion, the melting- 
point rises with increasing pressure. 

By introducing the proper numerical values we can calculate the change 
of temperature occasioned in the melting-point of ice by increasing the 
pressure one atmosphere. T=:273, p = SO cal., or 80 x 42,350 in gravita- 
tion units ; the change of volume of 1 g. of ice on melting is u = '09, as 

* The equation has been deduced for the passage of a liquid into vapour, but we 
easily see that a perfectly similar formula can be obtained for every transforma- 
tion from one state into another (heterogeneous) state, if the transformation takes 
place at a constant temperature and under constant pressure (e.g. ice into water, or 
calcium carbonate into calcium oxide and carbon dioxide). 
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1 g. of ice occupies 1*09 ccm. ; dp= 1 atm. = 1.033 gravitation units. Wt 
have thus 

^^^273 x09x1033 ^.^^^^0 
80 X 42350 

It requires therefore 130 atm. pressure to lower the melting-point of ice 1°. 

A specially interesting application of the equation is that to 
chemical dissociation. This is a process (see Book X.) which is in 
complete formal correspondence with vaporisation, a substance bj 
heating undergoing a chemical decomposition which at a specified tem- 
perature continues till the product of decomposition evolved has reached 
a certain pressure, corresponding to the vapour pressure. In the 
equation, p then becomes the heat of dissociation or decomposition. 

This may be calculated if we have ascertained the value of i.e. the 

alteration of the dissociation pressure with the temperature. As the 
latter may in many cases be measured where the former is directly 
inaccessible, we obtain in this way an important aid to assist us in 
penetrating into this difficult region. 
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CHAPTER I 

INTRODUCTORY 

[n all the forms we have hitherto discussed, energy appears in intimate 
connection with matter, so that a given quantity of matter of definite 
properties contains a definite quantity of energy. Even where we 
have actions at a distance, as is the case with gravitation, the energy 
dependent on these is proportional to the quantity of matter and 
vanishes along with it. 

All this is different with energy which is distributed by radiation. 
During the space of eight minutes, which the heat of the sun requires 
to reach the earth, the energy has no ponderable material vehicle, at 
least none whose mass is known to us. It is true that no circum- 
stance goes to show that space is filled with energy ; it seems rather 
to behave very nearly as a perfect void. Only when obstacles are 
put in the way does the existence of energy from its action make 
itself apparent. 

The propagation of radiant energy is by no means instantaneous ; 
It requires time, although very little. The speed is 3 x 10^^ cm. per 
second. It appears, therefore, reasonable to attribute to the ether, 
the hypothetical vehicle of radiant energy, a mass extremely small, 



supposing its motion to take place according to the formula v = 




^here € is the elasticity and v the velocity of propagation. 

The action exerted by radiant energy when it meets ponderable 
letter may be of many kinds ; the radiant energy can transform 
Itself into almost every other form. The transformation into heat 
^s the easiest and most complete, but what interests us chiefly is the 
ftemical action of radiant energy, an action which plays a most 
iniportant part in the earth's economy. 
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It Ims Ijeeii nlready ©mpbasifted that cbemical energy is thi i 
jilnu>st the sole, source of our avaikbie energy. Energ^sr is 
bj cheniicAl processes takitig place in the sun, it is eommunieati 
the earth by mdiatifjii, and thore passes in the first instance into 
form of heat, and indirectly into the mechanical energy of met^ord 
Itigrciil processes, set^-n in the movement of air and water. AnotlM 
])ortion of the iiKliated energ)% however, reassumes through tl^ 
instrumentality of plants the permanent form of chemical energi 

Through the action of sunlight there takes place in plants a 
of imfK^rtant chemie^il proces^e^, the details of which are 
unknown to us, but their result is that the carbonic acid of^ 
atmosphere is decomposed into oxj^gcn, which escapes, and compotl 
of carbtin, in ]«u'tii!ukr starch, which remain. As the heat of tbfl 
combustion of starch into carbonic acid and water is 4123 cai pe?J 
gmm, this amount of energy is necessary in order to form starch frciJ 
the carbonic acid and water at the disposal of the plants, airf i 
supplied entii*e!j by the mdiant eiierg)^ from the sun, for withonti 
sun Light plants are unable to effect the reduction of the carlwnifij 
acid, I 

We see ftt once bow this process affords us enei^ in a much more usM I 
form thrtu the meta>rological prctcesses, and in renlity the portion suppM] 
by Uie latter to drive wijidmill^ or wat-er-wheels is A-ery stuall compared to 
that stored up for us hj the action of living plants, AH fuel has this otigin, 
and tlie animal oi^anism can satisfy its reqnirementa for energy in no other 
way than at the cost of the energy stored in the vegetable world. 

Another and very important peculiarity of radiant energ)^ k ik 
extreme delicacy of its distribution in space. In striking eontmfii W 
the heat that clings to matter and is continually subjected to a pnxesB 
of obliteration or difltision, radiant energj^ retains in the minutest 
particular all differences in position originally imparted to it, even 
after it has moved millions of miles through space. 

On this property depends in the fir&t instance our i>ower of seeing? 
which, to uee HerschePs phrase, endows MB more than any other witli the 
attribute of omnipresence. The numberless minute differences possessed l>y 
radiaut energy when it leaves matter, generate in tlie retina correspond] fll^ 
chemical changes, which give m a more faithful and more complete con- 
ception of the external world than is given by any other sense. This saiue 
prD^rtirty has also acquired technical importance : in photography, proc«ai» 
of quite compaiuhle clmracler are excited on a plate sensitive to light, wHcli 
I'euder jKMssibk the permanent preservation of tin exact record of monientiuy 
atatea and phenomena. 

Photc»chemistry, then, like thermoehemiatry, was first developed 
round }jhy siolu^iwd and technical problems, the commencement in both 
c^iHt^H Wing made aKuit the same time. Priestley in 1772 made the 
ok^i^ vatiun tliat green plants in sunlight improve air vitiated by 
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[ng: Senelner and Ingenbousz thereupon recognised that the 
> oansisted in a decomposmoD of carl>omc add and elrminatian 
sen. Hie important part played by this in nature was. how- 
Illy sufficiently appreciated by Uebig (1S40), and J. R. Mayer 

e oideBt observations on light-pictores obtained with silrer 
± were made by J. H. Schnhae (17i?7), bnt remained isolated. 
Dwer of di&rent rays to exert different actions on a sensitiTe 
ice was recognised by Scheele (1 777 who first photographed 
BCtram. Eitter discovered in 1801 that the chemical action 
s even beyond the visible specrnmL TToDaston then toolk 
agtr of tiie blackflning of silver chloride to copy sUhonettes 
!i:^iby proper commenoes with Dagnerre (1 ^ who discovered 
^velopment of fight-pactnres, on which rests the possibility of 
Dg the pictures of the camera obscnnu and of photography 
Teal rapidity. The principle of it is that extremely feeble 
hmnical actions, themselves unable to efiisct any visible abera- 
1 "Ott sensitive siir&boe. may afterwards have their effect rendered 
m by snitalde treatment of the sortace, and thus be converted 
picnire. Although the means of arriving at this result have 
' changed since Dagnerre's time, the principle stall remains the 
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THE MEASUREMENT OF THE CHEMICAL ACTION OF LIGHT 

Ah we have seen, 8cbeela's experiment proved the difference betwera 
the difi'erent mya of Light with regard to their chemica,! action. As 
the majority of the substances first investigated are most strongly Mted 
on by the blue, violet, and ultraviolet nijSj the idea became prevalent 
that in the light-rays three distinct and independent kinds of wave- 
motion were contained, viz. radiant heat, light, and chemical radiatioiL 
This idea has proved to be utterly wrong, and our whole pre^iit 
knowledge of the subject shows that there is only one kind of radiMt 
energy, which produces the ditFerent effects according to its rate d 
vibration and the natme of the object. 

Chemically active light therefore being in no respect difterent 
from visible light, is subject to exactly the same laws as the latter. 
It may be reflected, refracted, polarised, etc. In a word, every optical 
phenomenon can be photographed^ — a proof that it is the ligbtrrajs 
themselves which produce photographic action. 

The measurement of the chemical activity of light ia an impurtaot 
and difficult task. In general it coincides with the measurement of any 
form of radiant energy, and is executed by means of thermoelectric or 
bolometric apparatus, for a description of which a text-book of physics 
should be consulted. We shall only sketch here the methods whict 
are based on the quantitative determination of chemicjil processes. 
These methods, it is true, yield results which depend on the nature of 
the sensitive substance employed (for, according to the nature of the 
substances, rays of equal objective intensity but of different wave^ 
length may have different actions) ^ but still the general lai^s d 
photochemical action, as far as they are independent of the wave- 
length, may be established hy means of such methods. 

The formation of hydrogen chloride from a mixture of equal 
volumes of chlorine and hydrogen under the influence of light ha» 
found the most extensive application. After Draper (1843) h 
constructed a somewhat imperfect apparatus for this purpose, Bun 
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d Hoscoe (1857) in a masterly research brought the method to the 
gliest perfection. 

The principal part of the apparatus is shown in Fig. 52. The 
ixture of chlorine and hydrogen prepared in exactly the right 
roportions by electrolysis 



insolating" chamber i, > 1 1 1 1 1 1 1 1 M 1 1 1 ! 11 i ! ! ! ! I i i 1 1 ! !'>3y^ /==^= 
rhich is made of thin glass 
lown in the form of a flat 

ircular box, and contains water in its blackened lower half. It is 
onnected by a ground-glass joint with the measuring- tube k, which 
iTids in the chamber 1, also filled with water. 

If light falls on the upper portion of i, hydrogen chloride is formed, 
md this is immediately absorbed by the water. A diminution of 
rolume is the result, and the water Ik in the tube moves towards i ; 
ihe distance the water has moved is read off on the scale, and is a 
measure of the chemical action of the light. 

Bimsen and Roscoe's apparatus is still at the present day the most perfect 
for scientific purposes, but its management is troublesome and difficult. 
Its originators themselves for ordinary purposes used another method, first 
employed by Senebier, which turns upon the blackening of paper coated with 
silver chloride. The amount of blackening cannot of course directly be given 
mimerically, but a scale of blackness may be formed by allowing light, 
whose intensity can be easily regulated to any required degree by optical 
methods, to act on the paper, so that when a certain degree of blackness is 
produced on the paper by an unknown source of light we may approximately 
measure the intensity of the latter by comparing the darkening produced 
with the prepared papers of the scale. 

A photochemical law which will be discussed later is here assumed, 
viz. that equal chemical effects are produced when the pro- 
ducts of light-intensity and time of exposure are equal. 
By this we are freed from the necessity of observing during the same 
time in all cases, when with very feeble light there would be no 
appreciable blackening at all, while with a powerful light- source the 
blackening would be so deep that no comparison between the two 
could be instituted, and so no measurement made. Making use of this 
principle, we have as the simplest actinometer a piece of chloride of 
silver paper in a frame of neutral gray colour. The times are observed 
vhich elapse before the paper attains the same colour as the frame, and 
then the intensity of the chemical rays may be put inversely pro- 
portional to these times. 

Other actinometers, of which many have been constructed, offer 
nothing essentially different from the two just described. Only one 
method, as yet not much used, contains a new principle. It is the 
galvanic measurement of photochemical action, and is due to Bec- 
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querel Two silvei* ]thim ctrntod with silver iodide are iramersed ' 
ftcidulftteti miter or .-i solution of common salt eontained in a 
trough Rinl connected ^nth h galvanometer. As soon as light falls ir 
<»ne [Ante, the urigirjal symmetry of the arnmgement ceases, and 
gal vHi IOmeter indiciites a current proportional to the intensity of 
light. Becqiierel di&covereil and investigated t|iiantitatively a mim 
of imp:irtanJ, facts and laws of photochemicjd action with this appaiu' 
The method is callable of the greatest refinement and deserves ran 
more attention than it has hitherto received. 

Quite recently (1888) Omj has described another arrangement also w 
sensitive. Two stripe of copper — one bright, the other coated with cwpm* 
oxide, by heating in the air^ — are immersed in a solution of amnioniiiru 
sodium chloride. Detailed invest igations have not yet been published. 

Aa alrearly mentioned, attention must be paid to the fact that 
actinometers are speeifieally diftertnit with respect to the nature d 
rays to which they are exposed, they are influence*! differently bjr 
light of ditferent wave-lengths, depending on the nature of tk 
sensitive substance. 



CHAPTER III 



LAWS OF PHOTOCHEMICAL ACTION 

follows from the fact that every objective optical phenomenon mn 
photographed, that the geometncal lawfl of light deduced under the 
;nmption of rectilinear proimgJition hold unchanged for the chemically 
iactive portion of radiant energy. Special proofs of these laws are 
therefore of no particular importance. 

The optioil laws depending o!i the intensity of light are more 
difficult to investigate and requiie in part special methods. In the 
first place, it has to be found if the chemical activity is proportional to 
the mtensity. This is a fundamental question for all photochemical 
measm-ementSj and has been, in fact, aasimied t\ prion to be self* 
evident, 

i\n expen men till proof of the principle was hi-st given by Draper 
ill 1842. He projected an image from a uniformly illuminated white 
surface hy means of a large lens on his apparatus, which measured 
tie siction of light by the amount of hydrogen chloride formed from 
^ mixture of chlorine and hydrogen. The result he obtained was, 
tkt when the lens was pjirtially covered by sectoi-s of known angle, 
the action was proportional to the uucovered surface of the lens. 
&^nlid (1862) and Eunsen and Roscoe (1862) confirmed this law. 
It holds good only on the assumption that the experimentiil conditions 
during the process are not greatly altered, — in particular, that the 
^^beniical process does not suffer a change of velocity from the 
substances foiined by the action. 

If the chemical action, Le. the quantity of the substance which 
undergone chemical change, is proportional to the light intensity, 
^nH if the action proceeds uniformly^ then, when the exposure has 
I'Hsteti a cerUiin time, the total action is proportional to the product 
of the light intensity into the timej or, it is called, to the '-photo- 
ehemical effect/' 

Tlie conditions just formulated heiug fulfilled, the principle follows from 
^ a necessary eonsec|ueiice. But even when the second condition h 
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not fiilftUeil^ when the inttmeity of the action m altered hj the 
whieli the aubat^uice has alrt*atlv' iiudergune, the same principle still b 
in the f?pecid form, that Jbr th^? attaiiitrjent of the same amount of che^ 
action the products of light inteiiaity and duration of action iniiFit Imve 
same value. This may be proved mathematicxdlvj anil vruB assvim&il to f)£ 
self-evident by Senebier and Malagiiti. Hansen and Ro6€<.« ag well m 
Hank el have also tested it thorimj^^liiy from the experimental side, sw 
no doubt remains a& to its general applicability. 

Another law is the well-known one that the intensity of radiatios 
from a point varies inversely as the sqimie of the distjince from tkt 
point. Bunsen and Roscoe confirmed this law for photochemicil 
action by means of their hydrogen and chlorine actinomet'er ; its 
validity has also been proved foi^ the decomposition of carbonic acid ii 
green plants, 

A series of relations developed by Fresnel for the passage of li^* 
from one transparent medium into another' were also tested by Biui: 
and Roacoe and found in agreement inth ex]3eriment. The enmnen^ 
tion of the various forniulfe nmy be dispensed with- 

If light passes through an absorbing medium, its intensity thU 
decrease geometrically as the thickness of the medium increases 
arithmetically. This was also con tinned by Bunseu and Roscoe k 
photochemical action. The same experimenters proved that a coloured 
liquid diminishes the chemical action proportion all}^ to the quantity 
of dissolved colouring matter, just as it does the optical intensity. 

Whilst in all these laws w^e have only a coDfirmation of the ht^ 
obtained with purely optical phenomena, a new problem appears when 
we inquire into the quantity of energy spent in the chemical action- 
Bunsen and lioscoe obtained an answer in the following way. 

A beam of light fiom a constjint gas-jet w^as first passed througli 
a cylinder filled with chlorine, and the loss by radiation to the chlorifl*? 
measured. A cylinder of double the length and filled viith a mixture 
of equal volumes of chlorine and hydrogen was then placed in 
path of the beam. As hydrogen does not absorb i-adiation in any 
measurable degree^ the light on passing through the mixture sliould 
have been weakened to the same extent as in the chlorine alono, if it 
performed no other work in the second case than it did in the iirBt, 
The weakeningj however, was found to be perceptibly greater, so that 
the authors came to the following conclusion : — 

Two -thirds of the rays of a gas -jet absorbed by the mixture yf 
hydrogen and chlorine serve to heat the gases, while the remainitig 
third is spent in perfomiini; the work necessary to put the two gasea 
into such a condition that they can enter into chemical combinatioii'' 

Investigations into the active portion of light falling on * 
sensitive substance have shown that it is in general very small 
According to Pfeffer "000,000,0537 g. of starch is formed by a square 
centimetre of surface of an oleiinder leaf per second. The heat of 
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»inbu8tion of this quantity is only '00022 cal., which consequently 
also the energy spent by light in forming the starch. Now the 
idiant energy received by a square centimetre on a clear summer 
ay is '03 cal. per second ; the plant therefore cannot use as much as 
he hundredth part of this for chemical purposes. 

From this circumstance we see why there is such a slight connec- 
ion between the absorptive power of chemically active substances 
.nd the intensity of the action of the different rays. It cannot be 
loubted that only the rays that are absorbed exercise any chemical 
kction, but as only a small proportion of the absorbed rays exert 
ihemical action at all, the general optical absorption scarcely ever 
•epresents in any way the special chemical absorption. The latter is, 
io be sure, contained in the former, but is in general completely masked 
3y it. 

It has been several times stated that substances are affected 
differently by different rays. As a rule, rays of short wave-length are 
most capable of chemical activity, but just in the most important case 
— the decomposition of carbonic acid by green plants — ^it is the rays 
with greater wave-length, the red and yellow rays, which are the 
most active. The green-yellow rays act most intensely on the retina, 
in which the irritation resulting in the sensation of sight is probably 
also a chemical process. 

On what circumstances these differences depend is as yet entirely un- 
known. Absorption plays a part, inasmuch as unabsorbed rays are necessarily 
inactive ; but why certain absorbed rays exert chemical action, while others 
produce only a heating effect, is at present beyond our power of discernment. 

A general hypothetical notion of the process of the chemical action 
of radiant energy can be obtained by taking into consideration the 
specific influence of the vibratory period of the latter. It is known 
that heated bodies radiate energy whose wave-length always decreases 
with rise of temperature. There take place therefore within the 
heated bodies processes that can produce such vibrations of the ether. 
Conversely, it seems conceivable that when the vibrating ether acts on 
ponderable bodies, it will generate within them states comparable to 
those they assume at a high temperature. This is only possible under 
quite special conditions, namely, when the vibrations excited by the 
ether in the body are of the same period as those of the ether itself. 
Only under this condition does a specific absorption take place, just 
as a string can take up the energy of vibration of a musical tone to 
any great extent only when it has the same period of vibration as the 
tone. 

Through such an unusual excess of energy the molecules excited 
to vibration will behave differently from molecules in the ordinary 
state. A disturbance of the whole molecular structure will in general 
he produced, and if the atoms can assume more stable positions than 
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before, they will do sex Here we have the frequ«it case ol decoTK 
po0itk>a hj the aetion H^t. It is^ howerer, abo cwceiyable thm^ 
the exeesB of en»^ will be ^nfiojed in. reodmng processes possibi 
which are asaodated with coDsomptioii of energy ; th^ is the case wit; J 
the decomposition of carbonic acid in gre^ ^anta. 

The first action of li^it oa senstire substances is thus always tli€ 
performance ci work. The behavioar oi a mixture of chlorine and 
hydrogen has often been com^Ared to the expLoeioa ci gunpowder, tlie 
r6le of the spark being attributed to fi^t, which would thus only 
loosen the cc»nbination. This i§ nndoobtedlj ccNrreet when the mixture 
is exploded, which, howerer, onlj happens when the light works so 
powerfollj that by the combination ei the first particles^ the neigh- 
bouring particles are heated abore the temperature of ignition, the 
action being in this way propagated with great rapidity through the 
whole mass. It is quite different with the aj^nratus of Bnnsen and 
Koscoe : the heat is here ccodncted away as it is liberated, and the 
action does not go on. The fact that in this apparatus the amount of 
combination is fmportional to the action of the light is a sure proof 
that the light in this case performs work proportional to its 
intensity ; for the gaseous mixture is not an unstable substance in 
the proper sense. In dynamics, equilibrium is termed unstable when 
the smallest amount of work is sufficient to destroy it and effect a more 
or less important alteration in the system. The mixture of chlorine 
and hydrogen, however, may be warmed to a considerable extent 
without exploding, and mechanical disturbances have no effect on it 
It is therefore evidently in a state of stable equilibrium. But its 
atoms can assume a stiU more stable state, namely, by forming hydrogen 
chloride. 

A dynamical comparison may be found in the equilibrium of a prism 
standing on its end. The equilibrium is stable, for small disturbances are 
insufficient to overturn it. If the displacement, however, exceeds a certain 
amount, quite definitely specified by the nature of the prism, it falls over. 
This work is to be compared to the work done by light in the gaseous 
mixture, and the quantity of hydrogen chloride formed is proportional to the 
intensity of the light, i.e. to the available work. 
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PHOTOGRAPHY 

Thb method by which Daguerre first accomplished actual photography 
consists in exposing a plate of silver (or of thickly silvered copper) to 
the vapours of iodine, and then allowing the image in the camera 
obscura to act on the plate. After the action, which only requires a 
few minutes, the plate, on which no image is visible, is exposed to the 
Vapours of gently heated mercury. The vapours condense on the 
plate the more densely, the more strongly the light has acted at the spot 
in question. If the plate is looked at so that the bright places reflect 
little light to the eye, the parts where there is a deposit of mercury 
globules appear brighter than the background, proportionately to the 
thickness of the deposit. 

The theory of this process is based on the fact that vapours con- 
dense in general more readily on rough than on smooth surfaces. 
Where the silver iodide has been acted upon by light it is partially 
decomposed, and thus a better surface is offered for the deposition of 
the mercury globules. We may perhaps have the circumstance in ad- 
dition that the separated silver has more affinity for the mercury than 
the undecomposed iodide has, and therefore condenses it more readily. 
From the researches undertaken after the acquirement of the know- 
ledge of Daguerre's method, it has been proved that the slightest local 
alteration in the state of the surface of a polished sheet changes the 
manner in which vapours condense on it in the most remarkable way. 

Daguerre's method is now completely abandoned. It was first 
displaced by Scott Archer's collodion process. A solution of gun-cotton 
(cellulose nitrate) in ether and alcohol is made to dissolve certain iodine 
compounds (cadmium iodide, ammonium iodide, etc.) A glass plate is 
then coated with the solution, and after the gi-eater part of the ether 
has evaporated, dipped into a solution of silver nitrate. By this means 
a sensitive precipitate of silver iodide is formed in the coating of 
collodion. If such a plate is now brought into the camera and 
exposed for the necessary length of time — a few seconds in daylight 
— no alteration in the yellowish-white coating is observed. An image 



264 OUTLl^^ES OF GENERAL CffKMlSTRY UOOK 

only appears when the pkte is immersed in a mixture of silver nitrate 
and a reducing liquid, e.tf. a solution of pyrogallol or of ferrous sulphate 
The silver which separates from this mixture deposits prefeiubly on 
the places where the light has acted^ and produces an image in wbick 
the silver deposit is proportional to the light-intensity. By trealmi 
this " developed " image with a solvent for silver iodide, e,g. potassium 
cyanide or sodium thiosulphate, the excess of iodide is removed wd 
we have left a negative, with the light places transparent and tJw 
dark places opaque. 

As the foundation of the theory of this process we have the 
circumstance that solid substances which are deposited from liquids 
collect preferahly at parts where some of the solid is already present 
(cf. p- 14 (J), By the action of light minute traces of silver have been 
formed, and each silver particle acts as a centre of attraction for tbe 
silver of the solution, so that this is distributed proportionally to tb 
number of these centres. The process can be prolonged until tbe 
thickness of the deposit is auflicient for the re<T[uired purpose, but for tlie 
reasons just explained the grain of the photograph gets coarser 
development is continued- 

The collodion process alio is now almost eatirely given up. The pktef 
prepared as above must be ;i^d ivet as they come out of lh*a silver batli, w 
that they cbu only be made ready shortly before the taking of the photogtapi 
Tlie plates at present in ase, on the other haad, can be prepared an in^ 
definitely long time Ijefore use. They are made by pouring a Bolutioa of 
gelatine, in which iirecipitated silver bromide is suspended, with mtxk 
preeautione, on gla&a plates and allowing it to dry. The^ ^'gelatino^ 
bromide" plates are much more sensitive to light than the *^ coUodio-ioditli?" 
plates. Like the latter^ however, they show no image after expo&^ire, but 
must be developed. For tliia purpose we do not use a solulimi ftom 
which silver is precipitatedj hut a strong reducing 'agent alone, such ai 
potassium ferrous oxalate or an alkaline solution of hydroquinone. The 
development consists in the reduction of silver bromide to silver oa thi 
exposed parts. 

The theory is similar to the theory of the collodion procesj?. Here also the 
silver slowly produced by the action of the reducing agent on the bromide i» 
deposited firat on those places which are in the neighbourhood of the rilv^ 
particles liberated by the light. Or, as we may perhaps more accurately 
put it, the particles of silver bromide that lie near metallic silver sro 
rendered more easily reducible by this circumstance. This may be seen 1>J| 
placing an unexposed gelatine plate in the developer and touching it at oH* 
point with a silver wire ; a black speck of reduced silver is immediately 
formed. | 

All these methoda give only negatives. The positive phoU^ 
graphs are obtained by a copying or printing process, light bein| 
allowed to fall through the negative on a prepared sensitive papal 
against which the negative is pressed ; the light and shade are not 
reversed and appear in the proper order 
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The number of copying processes is very great. Silver compounds 
which blacken in the light are usually employed, paper coated with 
albumen, " salted " with ammonium chloride, and afterwards sensitised 
in a silver nitrate bath being in very general use. A number of other 
processes are founded on the fact that a mixture of gelatine and a 
salt of chromic acid becomes insoluble on exposure to light, the acid 
being reduced to chromic oxide, which yields an insoluble compound 
with the gelatine. We have other methods depending on the reduction 
by light of ferric salts in the presence of organic substances, such as 
oxalic acid, tartaric acid, sugar, and the like. Facts of general interest 
are here scarcely to be recorded. 

A remarkable observation was made in 1874 by H. W. Vogel. As 
we have already had occasion to mention, silver salts are usually specially 
sensitive for rays of small wave-length — blue, violet, and ultraviolet. 
If sensitive plates (especially gelatino -bromide plates) are dyed with 
Cerent organic colouring matters, the region of sensibility is more 
or less changed ; it is displaced in particular to the side of greater wave- 
lengths. The action has not yet been fully explained ; although it is 
manifest that only such rays as are absorbed can act, and that by 
employing suitable colouring matters the corresponding rays are 
absorbed in the plate, still we cannot see how the action of the rays 
absorbed by the colouring matter is transferred to the neighbouring 
particles of silver bromide, so that a sufficient explanation of this 
observation of both great theoretical and practical importance is left 
^ the future. 
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A ROD of perfectly pure zim is not attacked by dilute sulphuric mi 
neither is a rod of platinum. But if we immerse Bimuhaneously ^ 
zinc rod and a platinum rod in the acid and bring the projecting en^ 
into contact, either directly or by means of a metallic wire, the m 
is dissolved^ and the hydrogen expelled from the acid appears on the 
platinum. The connecting wire has at the same time assumed i)eculiar 
properties ; if a magnetic needle is held parallel to it^ the needle Buffers 
immediate deflection ; if it be cut at any point and the ends placed 
apart from each other on a piece of litmus paper moistened vfit^ ^ 
solution of salt^ there appears at the end connected with the zinc a 
blue speck J and at the end connected with the platinum a red speck;, 
lastly, the wire becomes warm. All these phenomena cease on lli« 
removal of one of the metals from the liquid. 

They serve to show that with the arrangement described, 
chemical action between zinc and sulphuric acid produces effects at ^ 
distance from where it actually takes place, in the wire^ namely. 'The 
chemical energy produced where the acid attacks the zinc miist 
therefore have been transformed into another form capable of pusaing 
through metals and liquids, and of exercising chemical and tbennal 
actions at any part of its course. 

The only change to be observed in the properties of the substance* 
taking part in the action is that the metals have become charged witli 
electricity, the charge on the zinc being negative and on the platitin© 
positive. If the two metals be connected by a conductor the differencfi 
is not adjusted, for after the removal of the conductor the metals ar< 
again found to be charged. But we know" that opposite electric^ 
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charges in metallic conductors neutralise each other. It only remains 
eberelore to conclude that the charges are continually neutralised hy 
means of the connecting wire, but that they are just as regularly 
repiod viced in the metivk. By this process there comes into existence 
in the system what is termed an electric current* The electric current 
is connected with the chemical action on the zinc, not only in point 
of time, but also casually. The current ceases when the chemical 
process is in any way prevented : it can jjerform worlc, and con- 
sequently contains energy, \vhich it must derive from the chemical 
process, this being the only available source. We may thus aay that, 
ia the system we have described, chemical energy is transformed into 
ekcirical energy. 

The transformation must, in the first instance, be subject to the 
law of the equivalence of energy. Since, during the solution of zinc 
in sulphuric acid as usually performed ^ all the chemical energy 3 a 
1 tmnaformed* into heat, so much less heat must appear at the seat of 
featition, the more electrical energy passes into the connecting \nre. 
If this also is changed into heat, the sum of all the difterent quantities 
tf heat produced must be constaut, and equal to the heat of solution 
of the dnc. 

These consequences of the fundamental principle of energy have 
been experimentally tested by Joule and esi>ecially by Favre {1854) 
ind confirmed in all particulars. From a system consisting of zioc, 
sulphuric acid, and pi atinnm — a galvanic (or voltaic) element as 
it is usually called — more than half the heat of solution of the zinc 
my he obUiined in the form of electrical energy ; but if this be again 
cknged into boat by conducting the current through a long thin wire, 
the original quantity of heat is exactly reproduced. 

By making use of the electromagnetic forces we can transform 

' electrical energy, obtained from the chemicab into work. The 
total evolution of heat in this case is smaller by the thermal equivalent 

r of the mechanical work done. This result was also confirmed by 

Lastly, we can use the electrical energy to perform chemical work* 
lUhe current from several such galvanic elements is conducted to two 
plttduum plates immersed in dilute sulphuric acid, a development of 
ostygen and hydrogen on these tjikes place. The total heat given out 
is aguiri loss than before, and that exactly hy the amount of the heat 
d combination of the two gases to form water. Here once more we 
liAve strict fulfilment of the law^ of the conservation of energy. 

Like the other forms of energy, electrical energy appears as 
die product of two factors, one of which is called the quantity of 
deBtricity, the other — potential, tension, or electromotive-force. 
Tlie first factor is a quantity, the second an intensity, so that 
electrical energy capable of unrestrained movement in a system can 
only assume a permanent stable state w^hen the second magnitude is 
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the same tlirougltout tbe syBtem. When this is not ike cBse^ a ehwrgi 
of state ocouTB from which work may be obtAined^ ja^t il can b< 
got from a change of state of heat or of any other form of fineigjr. 

The Qther factor, the quantity of ekctricitj^ is usaallj looted ijioi 
M being the teal edste&t thing that lies at the bottom of all ekctricil 
phenfiineiia, and the whole nomenclature of electrical ecience has hm 
ioTiiuid in CMri'Cfipojideuce with tlm conception. Although the \itw hi 
often been found very convenient, it muat still be borne in mind tliM 
thing underlying electrical phenomena ie electrical energy, and tliat til 
nomenclature usually adopted is only of valne as aibrding us, in manr c 
a means of clear and conciiie fonimlation. 

If the quantity of electricity in a galranic current passing ihrongh 
a section of the conductor in one second be denoted by intensity 
and the electromotive -force between two parts of the circuit by E 
then, by definition, the energy corresponding to this motion of electricity 
is EL If the current in the part of the circuit considered peifonra 
no external work, its energy is completely transformed into hett; i 
we denote this by H, we get 

H = EL 

We are accustomed to conceive the way in which electrical energy 
passes into heat as being analogous to the conversion of the mechanic*!! 
w^ork of a flowing liquid into heat — a sort of friction is supposed to 
resiat the motion of the electricity^, and the operation of oveaomiiij 
this conditions tbe transformation of the electrical energy into beat* 
The electromotive 'force corresponds to the pressure under which the | 
liquid moves. We therefore define the resistance E of a conductor iaj 
accordance with these ideas, the quotient of the electroraotive-forcft 
E, by the quantity of electricity forced by it through the conductor la 
unit time, Le. by "the intensity I. We have thus I 

R=jOrI = ^. 

This is the well-known law of Ohm, that the intensity or currenW 
strength is equal to tlie electromotive- force divided by the resistanca- 

If in the equation H = EI we Sjubstitute for E the equivalent valtt* 
RI it follows that 

H = RP. 

The quantity of heat developed by the passage of electricity throa^ 
a conductor is proportional to the square of the intensity (the quanti* 
of electricity passing per second) if the resistance is constant, 
proportional to the resistance if the intensity is constant This W 
was experimentally discovered by Joule (1841) and has frequent^ 
received confirmation. 

For the magnitudes above defined units have been introduce* 
whicli, in a manner that cannot be explained here, have been derive 
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rom the consideration of electrostatic and electromagnetic processes. 
ka unit of resistance we take that at 0° of a column of mercury 106 
3m. long, and 1 sq. mm. in section; this resistance is called an ohm. 
The unit of electromotive-force, the volt, is so determined that the 
electromotive -force of a galvanic element composed of copper in a 
solution of copper sulphate and zinc in a solution of zinc sulphate, 
amounts to I'lO. These two units specify the unit quantity by the 
E 

equation 1 = tz ; it is that quantity of electricity which in one second 

flows through the section of a conductor between the ends of which 
there is an electromotive-force of one volt, and the resistance of which 
is one ohm. This unit is called a coulomb, and the corresponding 
current-strength an ampere. 

These magnitudes are so chosen that the electrical energy 
volt X coulomb is equal to 10,000,000 absolute units. Now a calorie 
is equal to 42,350 gravitation units, or (as the intensity of gravity is 
980 absolute units) 42,350 x 980 = 41,503,000 absolute units. The 
unit of electrical energy, volt x coulomb, is therefore equal to -241 
cal, or a current of one volt electromotive-force passing for a second 
through a resistance of 1 ohm, 1 coulomb being thereby set in motion, 
develops sufficient heat to raise 1 g. of water from 0° to 0°-241. 



CHAPTER n 



faeaday's law 



The motion of electricity in bodies which admit of it at all UTcM 
place in two distinct ways. When electricity passes through con- 
ductors of the first class, these only experience heating acconiing 
to Joule's law (p. 268), and no other material change. Metads^ alloySj 
carbon, and a few other substances constitute this class. 

Conductors of the second class can only permit the movement 
of electricity in such a way that a chemical change takes place in them 
simnltaneously. The chief members of this class are salts^ fused or ia 
solntiouj and further, aqueous solutions of acids and bases — all of these 
being compound substances, as we see. 

In such conductors of the second class, or electrolytes, the 
movement of electricity takes place so that the metals {or metallic 
radicals) of the salts and bases, and the hydrogen of the acids, move 
from the positive part of the circuit to the negative, while the acid 
radicals or elements, such as chlorine, bromine, iodine, and also ih 
hydroxyl of bases, move in the opposite direction, The^e componeot^ 
the ions, are set free where the electrolyte is in contact with mtid 
conducting the current. 

Faraday in 1833 discovered the general law that equal quantities 
of electricity on passing through different electrolytes require equivi- 
lent quantities of the ions for their transport. If several different 
electrolytes are introduced into the same circuit (in whicli according 
to the law^s of electricity equal quantities of electricity pass through 
every section in equal times), then the quantities of the liberat^^l 
metals or hydrogen, as well as those of the acid radicals, are in 
equivalent proportions. 

We know that the equivalent of an element is its atomic weight divided 
hy its valency. If we have, for example, solutions of silver nitrate, cuprift^ 
sulphate, and antimony trichloride in a iSeries in the eame circuit, ^ 
quantities of mtital sinuiltaneoiialy deijosited are in the proportion of lOS 
of Bilver to I- 63-3 of copper to |^ 120 of antimony. Of the acid radicaM 
we obtain at the same time, NO^^ l- SO^, and J 01^. ' 





The electrolytic submolecules of equal valency behave as if each 
bad the same capacity for electricity, so that equal quantities of 
e{!tricity are conveyed by the same number of them, no matter what 
eir nature. 

We know that there are certain substances, especially metals, 
'kich can act with ditlerent valencies ] thus, for example, mercury and 
ipper are univalent and bivalent, tin bivalent and quadrivalent, iron 
valent and trivalent. According as one or other set of these com- 
5unds is used for conducting the cun*ent, each atom transports so 
lany times the electricity capable of being transported by a univalent 
itom as the metal has active valencies in the compound in question. 

If we take the electricity transported by one gram of hydrogen as 
lar unit, 63-3 g. of copper in cuprous compounds convey one unit, 
nd the same quantity in cupric compounds two units. In a similar 
my, 56 g. of iron in ferroiis compounds transport two units, and in 
Btric compoiinds three units. The group Fe(CN)g as a component 
if potassium feiTocyanide transports four units of (negative) electricity ; 
mi m potassium ferricyanide only three. Having regard to this 
Jroperty we shall continually distinguish between univalent, bivalent, 
ivalentj etc^ ions. Hydrogen and the metals, which convey positive 
tetricity, are called positive ions or cathions ; the halogens and 
rtiker acid radicals, by means of which the negative electricity is trans- 
torted, are called negative ions or anions. 

In order to understand Faraday's Law we must carefully guard against 
fte error of supposing the separation of the ions at the electrodes, ^*c. the 
places where the electricity pasaes from the electrolyte into the metallic 
portion of the circuit, to be the e^ential part of the law. That ia not the 
case ; the law refers* rather to every kind of motion of the electricity within 
conductors of the second class. Of course the scfjaratioii of the ions at the 
electrodes is the most convenient means of proving the accuracy of Farailay's 
liiiw, and as far as this proof has yet been taken the law holds strictly true ; 
tbe tjuantity of electricity is always exactly proportional to the amount of 
fte km sepamted, and the latter are always in the ratio of their equivalents 
ioreqiud quantities of electricity, Iti particular, not the slightest indication 
W been obtained of metallic conduction, which some physicista thmk 
|oagible, ix. conduction of electricity independent of motion of the ions. 

As Faraday's Law holds good for all movements of electricity 
withiti electrolytes, the development of electricity in galvanic 
elements (p. 267) must also be determined by it If the ions of 
«ilpbaric acid in the s^^^stem [ainc, dilute sulphuric acid, platinnm] 
fiiove so that the group SO^ goes towai^ds the zinc and forms zinc 
Kilphate with it, while H.^ moves towards the platinum and is evolved 
tiiere as gas, then two units of electricity as above tlefined must be 
it in motion for every 65 4 g. of zinc dissolved, or 9S g. of sulphuric 
decomposed. We may say in general that every galvanic element. 
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mdependent of its nature or of the character of the chemical process, 
produces the same quantity of electricity by consuming one equivalent 
of the metal. 

It is of interest for many purposes to know the quantity (rf 
electricity moving with 1 g. of hydrogen or with the equivalent 
quantity of another ion. According to the experiments of Kohlrausdi 
and Lord Ruyieigh this amount is 96,540 coulombs. Conversely,! 
coulomb requires for its transport in an electrolyte "00001036 gram- 
equivalents of any ion. 

This consequence fi-om Faraday's Law, that every galvanic eleineit m 
tht? toiiBuiuption of one graiu-eqnivalent of its active eiibstaaces always Eets 
^*6,540 codoiiibs? in motion waa extensively confirmed by Eemmlt (1867). 
There ap^Miared in particulai' numerous exam plea of a met^.! haviug different 
electrochemical equivalents, always in rational proportional accord ing to lis 
nature of the compounds contiiining it Thus 96,540 coul. are set lii imtm 
by 200 of mercury di&solving in dilute nitric acid to form mercuroitt 
nitrate, but 100 g. are sufficient when the solvent is potas&ium cya"" 
mercuric cyanide, HgtCN)^, Iteing formed. The electrochemical equi 
of copper in dilute hydrochloric acid is 63^3, cuprous chloride being 
product^ wliile in dilute nitric acid it is 31 "7, for then cupric nitrate is for 
Tin nauallj acts with the equivalent ^ IIS ; but in potassium pentaBiilphUe, 
when it dissolves with formation of SnS.,, its equivalent is only J IIA. 
Tellurmm in hydrochloric acid has the equivalent ^ 125, in potash | 125, 

Faraday's Law both in this form and in that respecting electrol 
was formerly misunderstood as meaning that equal quantities 
electricity in the various equivalents conditioned the same expenditure 
or gain of >voi'k ; Berzelius in particular was a violent opponent of the 
kw owing to this misunderstanding. From our point of view we sea 
that there is no question of energy or work here at aib Faradar 
Law only considers one factor of electrical energy, viz, quantity; 
other factor, electromotive-force^ remains unheeded. 
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THE CONSTITUTION OF ELECTROLYTES 

^Wb have already learned that by no means all compound substances 
are capable of conducting electricity electrolytically, i.e. by help of 
ponderable particles. The property is possessed principally by aqueous 
solutions of salts, acids, and bases ; it is only observed with those 
substances that can instantaneously eflfect an exchange of their 
components. 

If we think for a moment that for the purpose of electrolytic 
conduction particles laden with positive electricity must move in one 
direction, while particles charged with negative electricity move in the 
other, we see that the ability to conduct depends on the ability to 
form such vehicles for the electricity. Now no body existing in the 
molecular state is capable of being charged in such a way with positive 
or negative electricity ; the property falls exclusively to the ions — 
the products of dissociation of the compounds mentioned. 

Formerly, therefore, electricity had ascribed to it the property of 
effecting this decomposition on its entrance into an electrolyte, and of 
availing itself of the fragments for its own transport. Several facts, 
however, are at variance with this view. A certain amount of work 
would evidently be required to effect such a decomposition, but 
electricity according to our experience moves in electrolytic conductors 
with the same freedom as in metals ; there is consequently no place for 
such work. Clausius therefore (1857) assumed, in unconscious agree- 
Dient with an idea developed by Williamson (1851) for quite other 
purposes, that some of the molecules in electrolytes are decomposed in 
consequence of their collision; the parts, already separated, are im- 
mediately seized on by the electricity to effect its transport, so that it 
has to perform no work in the matter at all. 

The question soon arises as to the proportion of decomposed mole- 
cules in a definite electrolyte, e.g. in a normal solution of potassium 
chloride (74*5 g. per litre). Clausius left this question unanswered and 
only stated his general opinion that the number was not necessarily 
Isrge. Now, however, we can come to a decision by making use of 

T 
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the laws regulating the influejice of dissolved substances on osmotb 
pressure, vapour- pressure, and the freezing-point (pp. 127-143). An 
aqueous solution containing one gram -molecular- weight of sugar or any 
Other indifierent suljstance dissolved in a kilogram of water soHdifit^s 
at - 1"8£)^ If the corresponding solution of potassioio chloride con- 
tains for the most part undti composed moleculeSj it should have the 
same point of solidificatiofK Actual observation, however, shows that 
the point of solidilication is at - 3 "5°, i.e, the depression is almost twice 
aa great as for sugar, etc. From this it follows that there mufit h 
in the solution of potassium chloride almost twice as many molecnlw 
as would be calcukted on the assumption that essentially molecules of 
the formula KCl existed there, and so the conclusion is forced upon U 
that almost all the potassium chloride has sjvllt up into its ions K and 
CL In harmony with this conclusion there is the fact that the other 
properties of the solution of potassium chloride {or in general of the 
solutions of electrolytes) exhibit quite similar abnormalities, so that 
the numerical values of the osmotic pressure and of the depression of 
the freezing- point lead to exactly the same conclusion. 

We thus arrive at the result that solutions of salts and of strong 
acids and bases contain these substances only to a small extent k 
such, by far the gi^eater part being dissociated into ions. This con- 
elusion was first drawn by Arrhenius (1887)^ and although it conllicts 
with some of the views usually adopted, yet it is in complete agree- 
ment with ii very great number of observed facts. 

For example, the objection has been raised, tbat siibstancefi lii^ 
potassium cldoride, potash, or sulpbnric acid are known to be compomsds 
whose components have the greatest aMnity for each, other ; Imt hm the 
two conceptions of chemical atfinity — stability on the one hiind, ani 
activity on. the otlier^ — have been confused. Hydrochloric add exchanges 
its hydrogen for metale^ potash its hydroxyl for acid radicals with 
utmost readiness ; it would be absurd to aacribe to their components. 
affinity in the sense of flrmne?a of eliemical union — the very oppoofli^ 
the case. Conversely we must say that the hydrogen in methane baa 
atfinity for the carbon to which it is bound, for very energetic means ai« * 
required to effect its separation. Thus it is the chemically inactive Ijodiea 
that are held together by the most powerful affinity ; compoimds which rmct 
with ease and rapidity can only hold their components loosely bonn4 if 
bound at all. 

Xow% as we have already seen, electrolytes are precisely the ffiOfii 
active substances. The connection between the two properties is very in- 
timate^ so close, in fact^ that from the chemical activity we can determine 
the electric conductivity and vice versd. In accordance therefore with 
the idea of Williamson and Clausius, there is very little cohereno« 
between tlie ions of electrolytes. 

To those not familiar with this mode of viewing the subject, it nufj 
appear aonaewhat strange that in a solution of potassium chloride th|g 
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sliOTild exist free potassium and free chlorine, as none of the properties 
oi these free elements as we know them are apparent. Such an objec- 
tion, however, would again rest on a misunderstanding. What actually 
exists in the solution is single potassium atoms with enormous electrical 
charges. We do not know what these charges are in reality, but this 
we know — that the chemical properties of substances are greatly altered 
by electrical charges. On the other hand, what we know as "free 
potassium " is a solid substance whose molecules consist of an unknown 
and probably great number of potassium atoms not charged with 
electricity at all. Similarity in the properties of an element in states 
80 different is scarcely to be expected. As soon as the potassium 
atoms in solution lose their charge, as they do, for example, when led 
by an electric current to a platinum wire, where they can give up their 
electricity, potassium with its ordinary properties is at once produced, 
as is seen in its ability to decompose water with evolution of 
hydrogen. 

Quite similar remarks apply to negative ions, e.g. to chlorine. 

The following consideration may serve to remove the last doubts as to the 
validity of the assumption of free electrically charged atoms of chlorine and 
potassium. Imagine two insulated 
vessels A and B (Fig. 53) filled with 
^ solution of potassium chloride, and 
electrically connected by means of the 
^^phon H. Let a negatively charged 
be brought near A ; remove the 
^pHon, and lastly the charged body K. 
Then, as is well known, A remains positively electrified, and B negatively 
electrified. 

Kow, according to Faraday's Law, the electricity in electrolytes can only 
^ove simultaneously with the ions. Consequently, if an excess of positive 
electricity is present in A, there must also be there an excess of free positive 
loixs, i,e. of potassium atoms, by the electricity of which the charge is 
determined. If the electricity is conducted away, the potassium assumes the 
ordinary form, and acting on the water of the solution develops hydrogen, 
which can be collected in suitable apparatus and tested. 

Similar considerations hold good , for the chlorine in the vessel B. 

It is consequently not only conceivable that the ions in an electrolytic 
«<>lution move about with electric charges, otherwise quite free, but solu- 
^^^Xi^ may be prepared which contain an excess of any ion we choose, e.g. an 
excess of potassium. The assumption that electrolytes contain free ions is 
^ot only possible, but necessary. 

Quite a number of phenomena, which were formerly unintelligible, 
^^^e received their explanation from the theory of free ions. First of 
^ \ve have Hess's Law of Thermoneutrality. Two neutral salts 
^^©n mixed iii aqueous solution produce in general no thermal change. 
This 

is because there is also no chemical change. A solution of 




170 OUTLINES OF GENERAL CUKMISTRY book iir 

potassitim chloride consists essentially of the ions K and Cl^ one dt 
s*idium nitrate of the ions Na and KO^ ; when the two sohitions arft 
mixed the ions remain free as before. 

Here we have an answer to the old question, Which salts are really ia 
the solution t No sait^ are in the solution. The iona preaent, howKver, cim 
form any of the ealta accortliug to circumstances, if that salt is eapal>le of 
separating out of the eolutioii, ejj, hy crystallising. Thus it is expkmed 
why a mixture of solutions of conunon f^lt and magnesium sulphate can be 
separated int«i these components if the solution is evaporated down hj heating 
(the sodium chloride being then the least soluble), but resolv^es itself if the 
tjVEiporation takes place at the ordinary temperature into ftodium if^ulpluite, 
which is deposited (being at that temperature the least soluble), mi 
magnesium chlpride which remains in solution. 

We must l)ear in mind, however, that these explanations only holdl 
in strictness for very dilute solutions. When the solutions are con- 
een tinted, exceptions appear just as they do in strongly compreMed 
gases, which no longer exactly follow the laws of Boyle and of Gay- 
Liissac. Such exceptions nevertheless do not obscure the funda- 
mental principles. 

The change of volume on neutralisation is also stisceptible of a like 
explanation. It was seen from the eon side ration of the observed facts | 
(p, 143) that the two components of the salts in the ii* aqueous solutions 
led a comparatively independent existence* The theory of electrolytic 
dissociation gives a rational explanation of this result. 

A whole series of other phenomena in sall>-solutionB — -the refractire 
equivalents^ constants of capillarity, specific heats, etc., can all be placed ! 
in the same category. Since, however, wo have not before entered \ 
into the discussion of these relations on account of their relative miim- 
portance, this mere indication may suffice here also. 

In conclusion, the purely chemical facts distinctly favour the theory 
of the independent existence of the ions in electrolytic solutions. 
have in analytical chemistry a large number of general reactions, which 
allow of the recognition of definite substances in their various com- 
pounds. Silver nitrate, for example, is a reagent for chlorine ; all the 
metallic chlorides and similar compounds give a precipitate of siK^ 
chloride. Bufc this is not the case with all chlorine compoimds ; th* 
presence of chlorine in potassium chlorate or in monochloracetie acid ^ 
not indicated by silver nitrate at all. Iron compoimds give vd^ 
ammonium sulphide a black preeipitate of iron sulphiile : hut the ivOt 
in potassium ferrocyanide remains quite unaffected in the presence 4 
ammonium sulphirla J 

When we look at these "exceptions'^ more closely, we see th* 
only those compounds have the above-mentioned reactions, in whi(?^ 
the substance sought for is contained as an ion. A solutio 
of silver is thus not a reagent for chlorine compounds in general, biJ 
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mly a reagent for the ion chlorine ; in potassium chlorate the ions are 
a and CIO3, in monochloracetic acid H and CHgCl'COg, so that 
Lbese compounds which contain chlorine, not as a separate ion, but 
only as a component of a more complex ion, show no chlorine 
reaction. 

Indeed, analytical chemistry is in a great measure based on the 
exchange of ions. We have no reagents for this or that element, but 
only for definite radicals of salts or similar compounds. The 
numerous oxygen acids of sulphur, although they all contain the same 
elements, possess the most diverse reactions. 

Further, the elements or radicals that appear as ions react 
differently according as they have a greater or less valency, i,e. are 
charged with more or less electricity. In the ferrous compounds 
where iron is bivalent, it exhibits quite other properties than in 
compounds where it is trivalent. The group Fe(CN)g as the ion 
of potassium ferrocyanide acts quite differently from what it does 
as the ion of potassium ferricyanide, although it has exactly the 
same composition whether it comes from the compound K4Fe(CN)g or 
from K3Fe(CN)g.* In the first case, however, it conveys four units 
of electricity, in the second only three (p. 271). 

These considerations might be greatly extended, but as the necessary 
facts are generally known, the application of the new electrochemical 
theory of saline compounds may be left to the reader. 

* The formula KgFe2(CN')i2 used in many text-books for potassium ferricyanide 
has no foundation in fact ; recent investigations have all gone to prove the correct- 
ness of tlie simpler formula. 
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T/IW VM'UiilnuH from iho simple laws governing dilute solutions that 
fit'M mIiowm \iy iu{mtmn solutions of salts, and which can be represented 
hy I/Imi fonniilii M'^iM^ (p. 141), put us at once in a position to 
tntiMNiit'o nxtoiit of the dissociation into their ions of the molecules 
in (ihinl t'olyt<i(} Noliitions. The factor i gives the ratio of the molecules 
anl.iMilly pniHtMii' in the solution to the number calculated from the 
t'lmiiihuil formula of the subHtanco. If we have thus an electrolytic sub- 
HtiUHHS oiu'li mohunilo of which can split up into n electrolytic submole- 
(Milr^M nr iotiM, and if x roprosoiit the fraction of the molecules which have 
uniltM'Hono Iho dlNHooiation, thou the relation i=l-x + nx or i = l + 
(n I )\ Ik ovidtMit ly true. For, if N be the total number of the original 
nioloouloM, lln» nolution will cont^iin xN decomposed and (1 - x)N unde- 
iMUU|M\mMl molooulos ; hut as» uoooixling to our assumption, n submolecules 
♦M^^ phuluv^od fnuu ovory dooompoaetl molecule, the total number of mole- 
ouloi* |^<^»»»ouf will bo (i x)N ^ nxN, and the ratio of this total to the 
u\uuhor ori^iiiual molooulos is what wo have represented above 

Tho u\uu^or u do|>oud* on the const itution of the electrolyte. In 
M ^kiOt \xf rUo fypo of |H^t^i:^iuu\ chloridt\ in which a univalent meul 
uunhH^ to u^u'viiWnt hiiU^vn or i^cid mdical, n is equal to 2 because 
^xa^vv KOI ^tjvUt?^ uj> iutx^ K iiiul CL In sulphuric acid HjSO^, pota^ 
*o\^^\ s>^u))NU>'^t^ K,sSl>^^ or Ivu^ium hydrv>xkle Bsi(OHU. we have n=5» 
^VN5<^^^^5i^\^u tVn\\\V5^nHlt* K^V\xON\;. which deci>iiip<>s»es inio 4K and 
>x\^ - ^ iw Ivarium ft*mvY;uiide. on tlse other band- 

H - . ^^uJ^Nk^l^ A^^\\slus n = 5 : and <>i> oei. Ii is «> 

W 5 W v^? 35»(*>0Nnjd |yviTN»sSc xbe Taihje of n 

V ^jSK ^'t^^;i^^3N>'^ w*«5S j«iiArti35^ tc?cDfi:a:iE rc oss:lt«*^ 
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tivity of their solution ; for the quantity of electricity passing through 

an electrolytic liquid is cceteris paribus proportional to the number of 

conducting, i.e. dissociated, molecules. 

To arrive at a clear idea of the relations here involved, we may 

imagine a vessel formed of two electrodes of great extent, 1 cm. 
distant from each other, and the necessary non-conducting walls. 
Let so much of the electrolytic liquid be introduced into this vessel 
that it contains a molecular weight of the electrolyte in grams. This 
system will have a definite resistance (in ohms or mercury -units) 
and a corresponding conductivity; these are called the molecular 
resistance and the molecular conductivity. 

The molecular conductivity of a given electrolyte depends in the 
first instance on the temperature, increasing almost without exception 
with rise of temperature, and mostly by about 2 per cent per degree. 
It is further dependent on the state of dilution, increasing almost 
always simultaneously with this. The increase is very considerable 
forbad conductors, small for good conductors, the molecular conductivity 
everywhere approximating with increase of dilution to a limiting 
value which can be practically attained by good conductors ; in the 
case of bad conductors, even at the extremest dilutions accessible to 
measurement, the molecular conductivity is still far removed from 
limit. 

The measurement of the electric conductivity of electrolytes was for a 
long time a very difiicult operation ; a method at once convenient and exact 
was first given by Kohlrausch (1880). Such measurements are almost 
inseparably bound to the use of electrodes which, as soon as the current 
passes from them into the electrolytic liquid, become through " polarisation " 
the seat of unknown electromotive-forces (vide infra), so that the usual methods 
for conductors of the first class are not applicable here at all. By substituting 
alternating currents {i.e. currents that incessantly change their direction) for 
ordmary currents, Kohlrausch succeeded in obviating the disturbing influence 
of polarisation, and in ren- 
clering exact measurement 
possible. His apparatus is 
constructed on the plan of 
Wheatstone's bridge, and is 
diagrammatically represented 
in Fig. 54. 

The alternating currents 
of a small induction-coil J 
are conducted to the ends a 
and b of a platinum wire 1 
metre long and stretched on a fig. 54. 

8cale divided into millimetres. 

On the one hand they pass through the wire adb, and on the other through 
the resistance - box R and the conducting liquid W by the path aRcWb. 
From c a connecting wire passes to d on the platinum wire ab, and can be 
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moved dang in inetallic contact witli the latter by meatia of a small slidini 

oirrlage j in this branch the telephone T is introduced. 

It is well known that in &uch an arrangfinent no current flow^ tin 

the ** bridge when the resietance R le to tlie resistanee W 

The gflence of the telephone indicates when this occurs* We ihi ii i 

mma the carriiige with d along the wire ab until we find the &pot at ^hM 

the telephone no longer speaks. As R : W = nd : db, the i^sistauoe ?j 

. , . , ^dl) , , , , ^ 1 ad 
mmired la equal to R— , or the conductivity L===i=- — 
ad W E,db 

To ciilculat^ the molecular conductivity from the conductivity bo obtaaei 

for the liquici in W, we juust multiply the latter by the " capacity " of tk 

resiBtance-cellj and also hy the dilution, the number of litres in whicli 

a gram-molecular- weight of the electrolyte is contained. The capcity B 

found by introducing into the cell a liquid of known eondin tivity and 

composition, and finding its rei^jfitance. If M is the molecular couductivitj 

of the liquid, and V its dilution, then we obtain the factor K for trauEfommg 

the conductivity measured in the cell into molecular conductivity from tht 

equation 



M = K 



B.db 



orK = 



M.R,db 
V,ad * 



If we now mexsure another liquid of the dilution v, its molecular condut- 
tivity will be 

„v.ad 

Tlie cells used for nieasuriug conductivities are of different con^triictioD 
according to their size, for it is found that resistances below 10 or obovu 
10,000 ohms eaunot well be measured in the same apj^aratu?. For liquids 





FiQ, Fir* 56- 

tliat are good conductora we therefore choose telb in which the ekcti^es 
are a considerable distance apart, and the colmnn of liquid between theni 
small section ; for bad conductors the conditions must be reversed. Tli^ 
accompanying diagrams (Figa. 5^5, 56) show two forms that suffice 
almost all cases. The electrodes, which must have a section of at lea^t 1^ 
eq. cm., are made of platinum, and should be coated with platinum black 
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ectrolysing a very dilute solution of platinum chloride between them, with 
tcasional change of direction of the current, until their surface is covered 
ith a black velvety coating. 

The following general relations have been found with regard to 
lectric conductivity. 

The conductivity of equivalent (not molecular) quantities of the 
aeutral salts is of much the same order of magnitude, varying between 
50 and 120, calculating as above and using mercury units. It 
mereases slowly with dilution and usually reaches a maximum at 
dilutions at about 2000 litres. The following table, containing values 
observed by Kohlrausch, shows this in detail; the temperature of 
observation -was 18°. 



Dilution. 


KCl 


NaCl 


LiCl 


i BaCla 


i K2SO4 


i MgS04 


1 1. 


91-9 


69-5 


59-1 


65-8 


67-2 


27-0 


10 1. 


104-7 


86-5 


77-5 


86-1 


89-7 


47-4 


100 L 


114-7 


96-2 


87-5 


100-6 


109-8 


71-5 


1,000 1. 


119-3 


100-8 


92-1 


109-2 


120-7 


93-5 


10,000 1. 


120-9 


102-9 


94-3 


112-6 


124-9 


103-4 


50,000 1. 


121-7 


102-8 


95-5 


114-4 


126-6 


105-2 


100,000 1. 


121-6 


102-4 


96-5 


114-2 


127-5 


105-6 



This table presents us at the same time with another regularity, 
'he increase of conductivity with increasing dilution is different 
ccording to the nature of the salts. The conductivity of salts with 
wo univalent ions changes least, the change is greater for salts with 
ne bivalent and two univalent ions, and greatest of all for magnesium 
ulphate, which contains two bivalent ions. This rule has been proved 
3 hold very generally. 

The principle of greatest generality regulating the conductivity of 
eutral salts is not, however, to be seen in the preceding small table, 
t was discovered by Kohlrausch in 1876 and may be expressed most 
hortly as follows: — The conductivities of the neutral salts are 
dditively composed of two values, one depending only on 
he metal or positive ion, the other only on the acid radical 
>r negative ion. 

The form of this law agrees exactly with the law of thermo- 
leutrality and the laws for the volume and most of the other 
properties of salt- solutions. The reason is the same as before ; the 
mutual independence of the conductivity of the two ions, as stated in 
the law, proves the corresponding mutual independence of the ions 
themselves. 

If we attempt to represent to ourselves what goes on in the interior 
of an electrolyte when a current is passing, we arrive at something like 
the following view. The electrical motive-power which, in consequence 
of the difference of potential always present in the circuit, acts on the 
positive ions in the direction of the positive current and on the negative 
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ions in the reverse direction, serves to set these ions in motion so 
that they transport electricity in corresponding paths. The con- 
ductivity (in other words, the quantity of electricity conveyed in unit 
time in virtue of unit electromotive - force) evidently depends on 
the number of the moving ions and on the speed at which they move. 
We must remember too that according to Faraday's Law equivalent 
ions, no matter what their composition, transport the same quantity of 
electricity. If therefore we perform our calculations for equivalent 
quantities of the difierent electrolytes, as was done in the definition of 
the equivalent conductivity, these quantities will transport equal quan- 
tities of electricity, and the equivalent conductivity is thus a 
direct measure of the velocity of migration of the ions. 

Here, to be sure, we make the assumption that all the molecules 
contained in solution take part in carrying the electricity — an assump- 
tion not always justified. With dilute salt-solutions, however, this is 
so nearly the case that we may neglect any deviations from it, mean- 
while at least. ! 

From the diflference in the conductivity of dilute salt-solutions ve 
perceive that the velocities of migration of the ions must be different- 
The fact that the conductivity of potassium chloride, bromide, etc., 
exceeds that of sodium chloride, bromide, etc., by 18 to 19 units 
shows that the potassium ion must migrate 18 to 19 units faster than 
the sodium ion. In the same way we can ascertain the difi'erences 
between the velocities of other ions ; the velocities themselves, however, 
cannot be determined from the conductivity. 

We come here upon a phenomenon first rightly understood i 
by Hittorf (1853). If during electrolysis the two ions (as had 
always been tacitly assumed) migrate at the same rate, then the loss 
experienced by the liquid must be equally large at the two electrodes, 
and the concentration round these must be equally diminished. This 
is in general not the case ; the concentrations change unequally at the 
two electrodes, and from this Hittorf concluded that the two ions 
migrate at diflferent rates. 

In order to make the action of the difierent rates of migration 
clear let us consider Fig. 57. The black points represent one ion, the 
white circles the other. During electrolysis the black points move to 
the left, the white to the right ; the former moving twice as fast as | 
the latter. The top row represents the condition before electrolysis, 
the following rows a series of conditions during electrolysis. The 
heavy vertical line divides the original system into two equal 
parts. 

At the beginning of the electrolysis there are on each side seven 
black and seven white ions. At the conclusion, after six molecules 
have been decomposed, there are five undecomposed molecules on the 
left hand and only three on the right hand : the concentration has 
become difierent on the two sides. The number of black ions on the 
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left has increased from seven to eleven, Le. by four ; the number of 
-white ions on the right from seven to nine, i.e. by two. These 
increments are proportional to the rates of migration. 
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Fig. 57. 



Accordingly, if we determine, after electrolysis, the increase of the 
positive and negative ions at the corresponding electrodes, the ratio is 
equal to the ratio of the velocities of migration. 

It is now easy to ascertain the share of the different ions in the 
conductivity. On the electrolysis of a solution of potassium chloride, 
for example, the concentrations at the two electrodes remain almost 
exactly equal ; consequently the ions K and CI move at the same rate, 
' viz. (if we use the units of p. 281) 59*7 in solutions of 1000 1. dilution. 
J From this it follows at once that the rate of migration of sodium is 
; 4M, of lithium only 32*4, etc. 

By determining a single ratio of transport, e.g, that of potassium 
[ chloride, we can calculate the velocities of all the ions, provided the 
conductivities are known ; and, if we know the latter, we can at once 
proceed backwards to the ratios of transport of all the salts formed of 
these ions. Kohlrausch has shown that the results of such a calcula- 
tion agree most completely with the direct determinations of the ratios 
of transport made by Hittorf. 

The strong acids of the type of hydrochloric and nitric acids 
behave similarly to the neutral salts, their conductivity, however, 
being much greater. As the velocity of the negative ions is known, 
the greater conductivity can only be due to the great velocity of the 
hydrogen ion. The following table contains the equivalent conductiv- 
ities at 18° of a few acids measured by Kohlrausch : — 
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Dilution. 


HCl 


HNO3 


iH2S04 


iH3P04 


C2H4O3 


1 L 


278 


277-0 


188-9 


29-0 


1-2 


10 1. 


324-4 


322-5 


208-4 


43-0 


4-3 


100 1. 


341 '6 


339-5 


285-5 


79-0 


13-2 


1000 1. 


345-5 


342-7 


331-6 


96-8 


38-0 



At a dilution of 1000 1., when chlorine has a velocity of 59*7, we get 
for the hydrogen of hydrochloric acid, and consequently for hydrogen 
in general a velocity of 285*8. Hydrogen therefore migrates five 
times as fast as chlorine. 

Great changes of concentration must thus appear at the electrodes 
when acids are electrolysed. These changes have also been measured 
by Hittorf, and Kohlrausch has shown that they are in perfect con- 
cordance with the theory of the independent migration of the ions. 

Kohlrausch gives the conductivity of bases at 1 8° as follows— 



Dilution. 


KOH 


NaOH 


NH4OH 


1 1. 


171-8 


149-0 


0-84 


10 L 


198-6 


• 170-0 


3-1 


100 1. 


212-4 


187-0 


9-2 


1000 1. 


214-0 


188-0 


26-0 



From the velocity of migration of potassium, which is 59*7, it follows 
that the velocity of hydroxyl OH is 154*3, which therefore migrates 
considerably faster than the other negative ions, e,g, about 2*5 times 
as fast as chlorine — one of the next fastest. 

While the strong acids and bases thus obey the law of Kohlrausch, 
the weak acids and bases diverge from it exceedingly. Neither 
phosphoric acid, nor acetic acid, nor ammonia gives numbers that can ] 
be brought into harmony with the law, for their conductivities are I 
smaller than the velocity of migration of hydrogen on the one hand, | 
and hydroxyl on the other, so that even the assumption that one 
of the ions did not move at all would still give much larger numbers 
than those observed. 

The explanation of these abnormalities may be found in the fact 
that we have neglected in our last considerations a factor of the 
conductivity which has been already indicated. The molecular con- 
ductivity can only be represented as the sum of the velocities of 
migration of the ions, when the number of ions conveying electricity 
is in all cases the same. Now it is true that we have compared 
solutions containing equivalent quantities of the different electrolytes, 
but we have still to find out whether equal numbers of free ions 
are contained in these equivalent quantities, for the ions alone are 
active in the conduction of electricity. 

Determinations of the freezing-point of solutions show that hydro- 
chloric acid and potash exert an influence almost twice as great as 
that which corresponds to their molecular weight — they are thus almost ' 
completely dissociated into their ions. Acetic acid and ammonia, on 
the other hand, depress the freezing-point almost as indifferent sub- 
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Btances, i.e. as calculated from their molecular weight — very few free 
ions exist in them. Phosphoric acid lies between the two, but nearer 
aicetic acid than hydrochloric acid ; it is thus partially, but still very 
far from fully, dissociated into its ions. 

Consequently the law of Kohlrausch is not to be written in the 
form /X = u + V, where /x is the molecular conductivity and u and v 
tiie velocities of migration of the ions, but in the form 

/A = x(u + v), 

X representing the portion of the electrolyte dissociated into its ions. 
Only on infinite dilution does the dissociation become complete, when 
the corresponding conductivity /Xqc, x being 1, is given by the equation 

/ioo = u + V. 

\ T!he law of Kohlrausch therefore only holds strictly for infinitely dilute 
!: eolations. 

It has been already mentioned (p. 281) that the salts, especially 
those with univalent ions, are as good as completely dissociated at 
dilutions practically attainable (at about 1000 1.); further dilution 
does not alter their condition. The same applies to strong acids and 

\ kses. For these substances therefore we can determine /^a, with 
Sttfl&cient approximation. The salts of weak acids with strong bases 
aad of weak bases with strong acids behave similarly to salts with 
both components strong. Consequently by investigating such salts we 
ean ascertain the velocity of migration of weak acids and bases, so that 
this property is accessible to measurement for all ions whatsoever. 
If we are thus in possession of this knowledge of the values of u 

I ■ and V for every electrolyte, we can easily calculate the portion x of 

I the electrolyte dissociated into ions, or the degree of electrolytic 

' dissociation, from the equations 

I /* = x(u + v) 

IfjL^ = xi + y; 
for by division we obtain 
X = A 

f The degree of dissociation of a dissolved electrolyte at 
any state of dilution is equal to the ratio of the molecular 
conductivity at this state to the molecular conductivity at 
infinite dilution. 

The degree of dissociation determined in this way agrees completely with 
that ascertained from the depression of the freezing-point. The determina- 
tion from the electric conductivity, however, is incomparably more exact, so 
that the principle just stated is the most important aid towards obtaining the 
value of X. This magnitude is of extraordinary significance, as will be shown 
in the last portion of this book. It is a measure of the activity of a sub- 
stance, i.e. a measure of its chemical affinity. 
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In conclusion, a few empirical relations between the velocities 
migration of the different ions may be indicated. 

Of the univalent metals, potassium, caesium, and rubidium axov 
most rapidly, and all three at about the same rate : sodium moves 
considerably more slowly, lithium is still slower. Ammonium has the 
same velocity as potassium, and thallium is not far removed from 
these ; silver comes very near sodium. 

Amongst the bivalent metals, calcium, strontium, and barium move 
with nearly the same speed; magnesium is slower, and is followed 
closely by zinc, copper, and the other " vitriolic " metals. 

Chlorine, bromine, and iodine are among the fastest univalent acid ; 
radicals and are almost equal in speed. The radical of perchloric acid, ! 
CIO4, moves even more rapidly than these, and with decreasing ■ 
velocity is followed by CIO3, BrOg, and IO3. The radical of nitric ; 
acid resembles chlorine. Fluorine possesses a considerably smaller 
velocity, a property which seemingly belongs generally to the members 
of the natural families of the elements with low atomic weight. | 

The radicals of the compound organic acids move more slowly the j 
more atoms they contain. In comparatively simple radicals the nature | 
of the elements is of decided influence ; thus chlorine diminishes the 
velocity, whileT sulphur increases it. But when the number of atoms 
in the radical exceeds twelve this influence disappears almost entirely. 
The velocity of migration then seems to depend only on the number 
of atoms, and increases on the addition of new atoms the more slowly, 
the more atoms there are already present. 

No constitutional influence has been recognised, isomeric ions, e.g. 
those of butyric and isobutyric acid, moving with equal rapidity. 

The bivalent and multivalent acid radicals have been but little investigated. 
Selenic and sulphuric acids have very nearly the same velocity ; and so have 
phosphoric and arsenic acids. The radicals of the polythionic acids seem to 
have velocities increasing with the quantity of sulphur they contain, but very 
little is known with certainty in this respect. 

The influence of temperature does not vary much. It is mostly 2 per 
cent per degree ; being somewhat larger with small velocities of migration, 
and conversely. 
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In discussing Faraday's Law it was emphasised (p. 270) that the 
quantity of electricity set in motion in galvanic cells is always the same 
if equivalent quantities of the reacting substances in the cells have been 
chemically transformed. But the energy that is set free in such 
reactions, and which is usually measured by the corresponding 
development of heat, has very different values. As electrical energy is 
equal to the product of quantity and electromotive -force, and as the 
first factor is the same . for equivalent processes in the cells, it follows 
that the electromotive -force of the various galvanic elements should 
he proportional to the heat developed by the reactions taking place 
^thin them. 

As we learned on p. 272, 96,540 coul. are set in motion by a 
chemical action between gram -equivalents ; and further the unit of 
electrical energy, volt x coul., is equal to "241 caL (p. 269). If we call 
^he development of heat corresponding to the chemical process 11, then, 
ifthechemicalenergy is completely transformed into electrical, H -= E/j, 
4 being the quantity of electricity. Heat is here measured in the 
Same units as electrical energy ; the customary unit, the calorie, is as 

saw above ^^r^ greater. The quantity of electricity is 96,540 coul. 

l^herefore, if we measure the heat in calories 

5:^ = Ex 96,540 

E= ^ 
23,267' 

rf we measure the heat, as we did in the chapters on therrnr^cherniiftry, 
n the more convenient K- units, 100 times greater tlian the Hmall 
alone, we have 

E = ^^. = -004298 H. 
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In Daniell's element the chemical process is the substitution of mc 
for copper in the sulphate. We have 

CuSO^Aq + Zn = ZnSO^Aq + Cu + x. 

If we introduce the heats of formation with changed sign into this 
equation (pp. 233-234), we obtain the heat of reaction. 

-1984= -2485 + x 

x = 501K. 

This, however, is for a gram-atom of metal, i.e, for two gram equivalents, 
so that the heat of reaction for one equivalent is 250*5 K. The 
electromotive - force corresponding is, in volts, 250*5 x '00 4298 = 
r074 V. In reality the electromotive -force of a Daniell cell is 
found to come very near this value, and so it was concluded that 
the chemical energy of galvanic elements was in general completely 
converted into electrical energy. 

Further investigation, however, has shown that such is not always 
the case. There are elements with smaller, and also some with greater 
electromotive-force than corresponds to the above calculation, so that i 
priori nothing definite can be said as to the relation between the two 
values. 

We are able, however, to state between these two magnitudes 
(chemical and electrical energy) and the alteration of electromotive- 
force with the temperature, a relation by means of which one of the 
three can be calculated if the other two are known. To find this we 

adopt precisely the same 
mode of reasoning as we used 
in finding the relation be- 
j tween the alteration of 
^1 vapour - pressure with the 
temperature, and the latent 
heat of vaporisation. 

Let there be given a gal- 
vanic element whose chemical 
energy (or heat of reaction) 
for one equivalent is equal to 
~ ^ H. Let the electromotive- 

force be E, and let the quan- 
tity of electricity developed 
by one equivalent of the reacting substances (96,540 coul.) be denoted 
by q for the sake of brevity. Suppose the galvanic element to have 
the electromotive-force E at the temperature T; and let this value 
be denoted in a system of co-ordinates, in which the abscissae are 
quantities of electricity and the ordinates electromotive -forces, by the 
point 1. We raise the temperature to T -f dT, where dT signifies a 
very small change of temperature. The electromotive -force owing to 
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increase, say, by dK The. element is now allowed to 
il the quantity q has been developed. The state of the 
s then given by the point 3. Now let us lower the 
re again to T, arriving thus at the point 4, and send the 
q into the element in the opposite direction. By this 
•hemical process (if it is of the type of that taking place in a 
3II) will be undone and the element arrive exactly at its 
ie. 

vork performed in this reversible cycle is q . dE, and is 
[y equal to the area of the quadrilateral 1, 2, 3, 4. The 
'^eyed to and from the element in the process must be 
'or the energy Eq is associated with the electrical process, 
ivever, takes place along with a chemical process giving out 
Y H (the heat of reaction), so that there only remains to 
the difference Eq - H.* 

ave again to make use of the relation between the 
sformed into work and the temperature (p. 249), and so 

dT_ q.dE 
T ~Eq-H' 

dE_ Eq-H 
dT~ qT • 

ence Eq - H signifies, as we have mentioned, the heat which 
3ommunicated to the element in order that it may be main- 
it constant temperature while it is at work, — or the difference 
he electrical and chemical energy. If this is equal to zero 
lieirs element, then the left-band side of the equation is 
and therefore, as dT cannot become infinitely large, dE must 
ogether. Such an element, in which the chemical energy 
Dlly into electrical energy, does not alter its electromotive- 
change of temperature. 

-H is positive, i,e, if the electrical energy is greater than 
cal, then, when the element is active, heat must be com- 
to it, or else it cools down. In this case dE is also 
md so the electromotive-force is increased by raising the 
re. If, on the other hand, Eq - H is negative, the chemical 
ing greater than the electrical, the element becomes heated 
ig work : dE is then negative, and so the electromotive-force 
led by heating. 

ese conclusions have been confirmed by recent researches, 
by those of H. Jahn (1888). The equation itself was 
Millard Gibbs and von Helmholtz. 

st of course be given in "electrical calories," one of which is equal to 
U 
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The question as to the circumstances that determine whether Eq shall be 
equal to, greater, or less than H has not yet been fully answered. The 
electrical and chemical process in a Daniell cell is at least twofold : there is 
formation of zinc sulphate and decomposition of copper sulphate. Accord- 
ingly the electrical work Eq is composed of two parts, an electromotive- 
force having its source at each seat of chemical action. We are only now 
beginning to acquire our first rudimentary knowledge of the magnitude of 
these electromotive-forces and the corresponding chemical changes, so that 
the foundations of a theory of galvanic elements taking sufficient account of 
these separate values are just being laid. 



BOOK X 



CHEMICAL DYNAMICS 



CHAPTER I 

CHEMICAL KINETICS 

\^HEN C. F. Wenzel in 1777 set himself to the task of investigating 
he cause of chemical processes, or the laws of chemical affinity, he 
tiad first of all to search for a method of measurement. In analogy 
to the method adopted for measuring the causes of mechanical pro- 
cesses or of motion, he chose to measure chemical forces by the velocities 
with which they effected analogous processes. 

The conception of " chemical velocity " is defined as the ratio of 
the amount of substance transformed in the process under considera- 
tion to the time required for its transformation. For example, the 
expression that fermentation proceeds faster at a high temperature 
than at a low one means that cceteris paribus more sugar is converted 
in a given time into alcohol and carbonic acid at a high temperature 
than at a low temperature. This chemical velocity has little more 
than an external similarity to mechanical velocity, and we must 
therefore be careful not to look upon the similarity as going 
deeper. 

The quantity of substance decomposed in unit time — the rate or 
velocity of a chemical reaction — is obviously dependent on very many 
separate circumstances. Wenzel, who wished to measure the affinity 
of acids for metals, performed his experiments so that the surfaces 
of the pieces of metal which he exposed to the action of acids were of 
equal size, for he reasoned that the metal dissolved in a given time must 
be proportional to its exposed surface. He also saw clearly that the 
action of his dilute acids would vary with their concentration, the 
action being in fact proportional to the concentration, " for if an acid 
liquid dissolve a drachm of copper or of zinc in an hour, a liquid half 
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as strong will require two hours to effect the same, provided that the 
surfaces and the heats be equal in the two cases." 

The principle thus enounced by Wenzel, that the action is pro- 
portional to the active mass, is in reality the fundamental principle d 
chemical dynamics. Berthollet stated it later and independently of 
Wenzel, but it is only quite recently that it has experienced the 
application to the measurement of " chemical forces " foreseen by the 
latter investigator. 

In the first place, it is clear that one of. the complications d 
WenzeFs experiments may be avoided by relinquishing the employ- 
ment of solid substances. Chemical processes may be instituted in 
homogeneous liquids and gases, where there is no question of surface 
at all. It is true that here the course of the processes is not always 
easy to follow and measure, but still in many cases this is practicable. 

The first of such measurements were made in 1850 by Wilhehny, 
who correctly stated the law of the progress of a certain class of chemi- 
cal reactions. If only one substance is affected in the process within 
a homogeneous fluid, it is manifest that the velocity cannot remain 
constant, but must continually decrease ; for supposing one-tenth of 
the substance present to be transformed in unit time, we should get a 
table like the following to show the course of the reaction — 



Time. 


Substance present. 


Substance transformed. 


0—1 


1-000 


•100 


1—2 


•900 


•090 


2—3 


•810 


•081 


3—4 


•729 


•073 


4—5 


•656 


•066 



At the commencement the amount 1*000 is present, and after the 
lapse of unit time '100 has been transformed according to our as- 
sumption. The amount '900 is now left, of which a tenth, this time 
•090, again undergoes transformation. The quantity remaining 
behind is now '900 - '090 = '810, of which again a tenth or '081 w 
transformed, and so on. 

The law of this transformation is easily stated — As the time 
increases in arithmetical progression the substance present decreases m 
geometrical progression. 

Let us give the preceding table a general form by putting the fraction 
transformed in unit time not equal to •I, but equal to a. "We obtain 

Time. Substance present. 

0— 1 1 

1— 2 1-a 

2— 3 l-a-(l-a)a = (l-a)2 

3— 4 (l-a)2-(l-ay^a = (l-a)« 

4— 5 (l-a)3-(l-a)^a = (l-a)-* 



Substance transforuied 
in unit time, 
a 

(l-a)a 
(l-aA 
(1 - a)3a 
(1 - a)-»a 
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If we therefore denote by 6 the interval from the commencement of the 
process, the amount of substance still present at the time ^ is (1 - a)* and 
the quantity transformed in the next time-unit is (1 - a)^a ; and if we put, 
in general, x for the quantity transformed, 1 — x being the quantity still 
unchanged, we obtain 1 - x = (1 - a)*, which is the algebraic expression of 
the above relation. 

The equation, however, has been deduced on an inexact assumption. 
We have so conceived the process as if the transformation took place 
in the consecutive units of time at a uniform velocity, and changed suddenly 
at the beginning of the next unit, corresponding to the diminished 
amount of substance present. Now this is not what really occurs, for the 
change evidently proceeds continuously ; we can, however, approximate 
closely to the actual process by choosing the units of time and the fraction a 
as small as possible, i,e, by making both indefinitely near zero. Then it is 
true the quantity (1 - a)^ cannot be evaluated by elementary mathematics, for 
it becomes (1 - 0)*, a approaching indefinitely near zero, and ^, the number 
of the indefiuitely small time-units in a finite time, e.g. in an hour, being 
infinitely great. From higher mathematics we learn that in this case the 
expfession (1— a)^ becomes equal to e"**, e being as before (p. 71) the 
number 2*71828. We have therefore l-x = e~*^, or, if we take the 
logarithm to the base e of both sides, Ig (1 - x) = - a^, or - Ig (1 - x) = a^, 

or, lastly, Ig ^ ^ ^ = aft Here, again, Ig denotes the natural logarithm, B 

the number of time-units expired from the commencement of the reaction, 
and a the fraction of the initial substance transformed in unit time. In 
chemical dynamics it is customary to take the minute as time-unit. If 
therefore we count the time 6 in minutes, a is the coefficient of velocity 
of the reaction. 

To test the accuracy of the equation Ig ^ ^ ^ = a^ we do not require to get 

the natural logarithm Ig of j ; the ordinary decimal logarithms are pro- 
portional to the natural logarithms, being always 2*3026 times smaller, so 
that we can write the equation 

log j^ = *4343a^. 

Wilhelmy first showed the validity of this formula in the case of 
the inversion of cane-sugar, which decomposes under the influence of 
free acid into dextrose and levulose, by taking up the elements of 
water, thus : CigHggOji + H20 = 2CqHj20q. Here the acid suffers no 
change, and the water in such experiments is always present in so 
great excess that the alteration of its quantity is quite inappreciable. 
The conditions for the deduction of the equation are therefore fulfilled. 
In order to determine the quantity of unchanged cane-sugar present at 
any time, he took advantage of the rotation of the plane of polarisation 
by the sugars, which thus enabled him to perform the analysis without 
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any chemical disturbance of the state of the system. He obtained, for 
example, the following series of numbers — 
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-18-70*' 









The observations are calculated as follows ; — The original sugar- 
solution had the rotation 46*75° ; after it had been completely con- 
verted into dextrose and levulose its rotation was — 18-70°. As the 
rotation is proportional to the quantity of sugar present, the total angle 
traversed, viz. 46*75° + 18*70° = 65*45°, is the measure of the total 
amount of sugar. The angle after the expiry of 15' is 43*75° showing 
a decrease of 3*00°; the fraction x which has been transformed 

therefore ^J^^^ , while 1 - x is equal to ^?-t^. If we now calculat>^ 
65'45 65*45 

log |— ^ we find it equal to '0204, and this divided by ^=15, th»^* 

number of minutes from the commencement, gives •00136. 

- log , given in the last column, is, according to the equatioK^:^* 

(/ 1 — x 

equal to '4343 a, and must therefore be constant. As we see froK:^ 
the table, this is actually the case ; for the slight variations are mereL^ 
due to the errors of experiment. 

Kesults similar to those obtained by Wilhelmy for the inversion 
of cane-sugar have appeared later in the investigation of a grea^ 
number of other chemical processes. For example, the reduction of 
permanganic acid by a great excess of oxalic acid, the hydrolysis of a 
dilute solution of methyl acetate into methyl alcohol and acetic acid 
in presence of acids, the conversion of dibromosuccinic acid into 
hydrobromic acid and bromomaleic acid, of monochloracetic acid into 
glycollic acid, the transformation of atropin into hyoscyamin by 
alkalies — all these proceed according to the same law, which in no 
way depends on the substances taking part in the reaction : whenever 
a chemical process takes place, so that the amount of one substance 

only is changed, then it proceeds according to the formula lg^-^^ = ad. 

This again is merely a mathematical deduction from the principle 
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at the chemical action is proportional to the active mass. Of course, 
active mass, or concentration, we do not mean the whole amount of 

bstance, but the amount in unit volume ; and it should at once be 
ndei-stood that quantities in chemical dynamics are not measured hy 

eir absolute, but by their molecular weights. The amount 1 will 

us represent 3 4 "4 6 of hydrogen chloride, or 40 g, sodium hydrate, 
tc. The concentration or active mass 1 would therefore be a solu- 
'on containing a molecular weight in grams in unit volume (c. cm.) As 

ch solutions^ however, cannot in general be preparedj the unit of 

-tive mass is usually taken a thousand times smaller, a molecular 

eight being contained in a litre of solution. 



4 



Every chemical process such aa the above is determined, as we see from 
e foregoingj by a eiiigle constant a, which is the measure of its velocity 
lien this is given we know the whole course of the reaction. Theoretically 
aldug, the reaction never comes to an end ; experimentally, howeverj the 
teTJMi nation is easy to observe. A simple calcidation, whicli may be left to J 
the rcLider, shows that after a periled ten times as long as the time required" 
for half the substance lo Vie traasformedj only '001 of the original quantity 
Teinains unchanged ; now this k an amount in general not determinable by 
the methods of analysis ordinarily employ ed, and may therefore be neglected 
withoat more ado. 



I 



We come to a second kind of chemical process, regulated by a new 
law, when in its course two substances undergo change of quantity. 
We must again assume that the action is proportional to the amount 
of each present. From this it follows that the action is proportional 
to the product of the two quantities; for this is the only function 
that fulfils the condition. 

Lot us consider first the simplest case in which the tw^o reacting 
substances are present in equivalent quantities, which are then ruimeri- 
cally equal, each being A for example. The elementary calculation of 
tbe connection between the interval expired and the amount of the 
undecomposed substances still present at the end of that interval is so 
tedious and so little convincing that it may be spared the reader. By 
means of higher mathematicsj on the other hand, we can at once 
dedace the following relation from the condition given— 

Here A is the active quantity of each of the two substances, x the 
quantity transformed at the time ^, and a a constant w^hich is the 
measure of the velocity. By an easy transformation we can write the 
equation in the form 

-r^ = Aa6f 
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wbich is shorter, hut Dot so convenient as the first for pnf 
caleuktioii. 

An example of such a process k to be found in the saponifi 
of etljyi acetate by caustic soda, investigated by E. Warder 
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In the last column we ha\re the values of ^ (^^-^ " ^ 

according to theory ought to be constant In this ease also the 
deviations only arise from experimental errors. What was sal 
regard to processes of the first kind applies equally to processes 
second. The constant a is determined only by the nature of tl 
stances present, the temperature^ and the concentration ; if m 
its value, the whole course of the reaction is fully specified* 

When the two reacting substances are not present in the 
concentration or active quantity, the equation is somewhat 
complicated, and still more unsatisfactory to deduce in an eleiti 
manner. The result is, if the two concentrations are denotcc 
and B 

This equation also has been tested and found to agree with 
ment. 

It appears still conceivable that more than two substances m 
requisite for a chemical process. The a^jpropriate equations may h 
developed by higher mathematics^ but as no actual case of this h) 
studied, we need not diseuas them here* 

The types of chemical processes described in the precedin| 
by no means comprehend all that actually occur. They are 
limiting cases, approached more or less closely by the phenomei 
strictly speaking, never reached. 

In the first place, the simplicity and uniformity of the r 
assumed in the calculation are really very seldom to be me 
Several processes almost always take place simultaneouslyj ai 
when one has a great numerical preponderance is an apparently 
process observed. This is what meets us everywhere in nature, 
actions taking place at the same time in nearly every observed 
being only possible to &x the laws for a single action by elim 
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the others as completely as possible either by the arrangement of our 
experiments or by calculation. 

In chemistry, as elsewhere in the exact sciences, we overcome this 

' difficulty through the principle of the mutual independence of 
different processes. We know that if any forces act upon a material 

f particle, each force produces a relative motion independent of all the 
other forces. In the same way, chemical processes take place, if several 
come into play between the same substances, according to the laws 
which were developed above for simple processes. The only difference 
is that the equations representing the resultant course of all the 
reactions receive a more complicated form ; they can all, however, be 
deduced from the law of the action of mass (p. 292). 

A second circumstance that often determines deviations from the simple 
formulaB is to be found in the variation of the constant a. As long as the 
conditions of the process remain the same, a can only have one definite value ; 
hut new substances are often formed in the course of the process itself, and 
these may so influence the substances already present, between which the 
primary reaction takes place, that the velocity of the reaction will change. 
If such is the case, we can sometimes formulate these disturbing actions also 
^ functions of the quantities of the newly-formed substances, and take them 
^^ito account in our calculations according to the above-mentioned principle 
Coexistence. But this is not always successful, and then we are com- 
P^^ed to have recourse to mathematical artifices, which give an approximate 
foiation of the problem. The same thing often occurs in astronomy, for 
instance. The mode of procedure in the separate cases, however, would take 
beyond the limits of such a work as this, so that the student nmst be 
cout^ut; with a simple indication of the fact. 
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CHEMICAL EQUILIBRIUM 

Many chemical processes are reciprocating, i,e, the original sub- 
stances may be reobtained from the products of the reaction. The 
result of such opposed processes is a state of chemical equilibrium 
— 3. state in which both the original and the newly-formed substances 
are present in definite quantities, which so long as the conditions remain 
the same do not undergo further change. 

The condition for chemical equilibrium may be stated in this way, 
that the rate at which each substance is formed must be equal to the 
rate at which it is decomposed ; its quantity then remains unchanged. 

The simplest case is when a single substance experiences such 
changes. Let p be the original quantity of the first substance, p' of 
the second. According to the fundamental principle of the action of 
mass, the rate at which the first substance is converted into the second 
is at each instant proportional to the quantity of it present. If the 
amount already transformed is x, then p - x is the amount still present 
and u = c (p - x) where c is the constant of velocity of the process. 
The quantity of the second substance is at the same time p' + x, for so 
much is gained by it as was lost by the first. The rate at which it 
changes into the original substance is therefore u' = c' (p' + x), and 
equilibrium is established when both rates are the same. From u = u' 
it follows that 

c(p-^) = c' (p' + ^) 

Here and in the sequel the value of x for which the system is in 
equilibrium is denoted by ^. We may express the result thus — in the 
case where one substance is transformed into one other, the reaction 
being reciprocating, equilibrium is established when the quantities of the 
two substances are in a definite ratio, which is equal to the inverse 
ratio of the constants of velocity of the opposed reactions. This ratio 
is perfectly independent of the amounts p and p' originally present 
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If we tliiia koow the coeliicienta of veloeity of the oppo&ed reactiona, we 
calculate from lliera the proportions for ei[uilibrium. On the other hand, 
Tom tber measurieinent of tlie «[iuilibriiuri-ratio we only obtiiiu the ratio of the 
relocitiea, not their absolute value. 

Eatamples of this case are rare^ and not one has been exactly investifjated. 

The conditions of equilibiium are considerably eimplified when the 
substances iu equilibrium form a heterogeneous system composed of 
two immiscible portions. Giildberg and Waage (1867) have stated the 
following principles for this case — the active mass of a solid sub- 
stance is independent of its quantity. This empirical principle 
been fonnd to agree with all the facts, and affords us an easy mode 
treating the equations of equilibrium, for we have only to put the 
lue of the active mass of solids in tijem equal to a constant. The 

luation % = ^^ ^ ^ becomes % = -—^ if we aasome that the second 
* c p-C C p-l 

stance is solid and denote its constant active mass by ^\ This 
ition leads us to the conclusion that equilibrium can only exist 
Eien the liquid (or gas) in contact with the solid substance possesses a 
feliectly definite active mass or concentration. 

Ou comparing this principle with the results of experience we 
ad it confirmed. If a salt dissolves in water, a state of equilibrium 
attained when (at a given temperature) the solution is of a definite 
Kfioncentration, which we know is not affeeted in the slightest degree 
by the amount of salt present in excess. Another well-known case is 
that of vaporisation : vapour and liquid are in equilibrium only when 
the former has a definite pressure or concentration. We usua Hy look 
npoti the pressure as that which is determined by the nature and 
temperature of the liquid, but as pressure and density are proportional 
the eitpression given above is quite as warrantable as the customary one. 
Another case of heterogeneous equilibrium is when a gas under 
definite pressure is dissolved by a liquid. The gas here plays the 
rt of the solid substance whose active mass is constant, and 
equilibrium is reached when the concentration of the solution has 
{ittained a definite value. 

The transformations of alio tropic and polymeric modifications 
a more chemical character. Thus, on being heated, para- 
kyauogen (CN)^ {obtained in the preparation of cyanogen as a brown 
fj>owder) passes into cyanogen until at a constant temperature a 
definite value of the pressure or density of the latter is established. 
Exactly the same laws hold good here as for the mere vaporisation of 
a solid or liquid substance. If the pressure is increased beyond that 
of equilibrium the proper amount of cyanogen is converted into 
paracyanogen to re-establish the original density of the former. 

Lawa perfectly similar rej^ulate the somewhat more comjdicated cases 
of the trans formations of cyanic acid HOCNj cyanuric acid (HOOK)^, and 
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cjainelide (HOCN)^. If cyanic acid vapour is produced by ra])id heatijig 
of cyaniiric acid, for evftry tejniierature above ISO"" tliere is a defiiiJt» 
densitj (or presjsure) of the vapour, for wliicb it m in eqiailibriuDi with 
Sidld cyan uric ac;id, just as if we were dealing with vaporisation and not 
with ch<iiuical decontjiositioix. Below 150° the vapour of cyanic add is not 
converted into cyanuric add but into cyaiuelide, and iibeys with rej,W lo 
the latter exactly similar laws. At 1 50" cyanuric acid and cyauielide can axiit 
together J and the vaponr-presaure of cyanic acid over both ia the same. 

Similar relations have appeared in the vaporisation of yellow jind red 
phoaphoms. The former has a nuich lower vapour-pressure than the hitter^ 
and the matter is somewhat complicated on account of the yellow modiiiei- 
tion up to its boiling-point and a little beyond this being an unstable form. 
When it is heated it b&^im at once to pasa iirto the red modification^ m thit 
it h somewhat difficult to get the plienomeiia belonging properly to tie 
unmixed aubatances. 

A third case of equilibrium of the first order appears when botli 
substances have a constant active masa^ i.e. are neither gaseous mt 
in eolution. Then in general they can never be in equilibrium, for 
the ratio of their active masses need not be that of their ratei of 
transformation, so that perfectly definite conditioas must obtain fo^ 
a state of equilibrium to exist at all. Water and ice, for example, 
are such substances ; in general they cannot exist together— only »t 
a definite temperature, 0^ is this possible * The same holds goodfof 
rhombic and monosymmetric Ruli>liur, for red and yellow merciiric 
iodide, and for all substances that can exist in two forms, transfomh 
able one into the other, according to the temperature. 

The equation for this case assumes the form 



TT 
TT 



and can only be satisfied by definite values^ as has already been 
mentioned. 

The relations of equilibritim conditioned bj processes of the aecomi 
order {p. 295) are not so simple. If u is the velocity of any process 
between the substances p and q, then according to the foregoing 

u^c(p-x) (q - x), 

X again representing the quantity transformed at any time. Supp^ 
p and q to produce two new substances by their interaction, th^ 
quantities of which originally present were p' and q' ; then at th* 
time for which the above equation holds wo have also 
u'^cXp + x)(q' + x), 

* This temperature may he slightly altered by changing the preasiire (p. ^1)' 
but the vaiktiona are sti small that they need scarcely 1* considered. In any c*®* 
this last kind of er[i,u]ibT'iuiii ma^^ bo looked upon aa the limiting case of thepr^ 
ceding kind, and not as being opposed to it. 
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d equilibrium is reached when u = u', or 

c(p-a(q-^)-c'(p' + ^)(q' + ^) 
This equation was first given by Guldberg and Waage (1867) for 
le mutual action of two pairs of substances. To put it into a more 
3nvenient shape, let us make the original quantities of the two sub- 
bances each equal to 1, and let none of the products of the reaction 
»e at first present. Substituting then in the equation p = q=l, and 
)' = q' = 0, we obtain 

Now ^ is the quantity of the newly-formed, and 1 - ^ the quantity of 
the original, pair of substances present on equilibrium. The velocities 
of reaction are therefore inversely proportional to the squares of the 
quantities for which equilibrium is established if the original substances 
were in equivalent proportions. 

The accuracy of the general formula was first tested by Julius 
Thomsen (1869), who altered the quantities p, q, p', q' in many ways, 
determined ^ experimentally, and then tried if the observed values 
could be represented by always using the same ratio c : c'. The result 
was satisfactory. A description of the thermochemical method 
employed will be given later. The substances were hydrochloric 
acid and sodium sulphate on the one hand, sulphuric acid and sodium 
chloride on the other, in dilute solution. A series of experiments 
with nitric acid instead of hydrochloric acid was also performed. 

The formula received further confirmation from a previously 
published research by Berthelot and Pean de St. Gilles (1862), who, 
however, did not turn it to account in this direction. It was upon 
the formation of esters (compound ethers) from acids and alcohols, 
the following equilibrium being established, 

c. acid X alcohol = c'. ester x water. 

Ostwald too (1876) performed a set of experiments with the same 
substances as Thomsen had employed, but according to another method, 
that, namely, of change of volume, and obtained results in agree- 
ment with the formula. 
The general equation 

c(p-^)(q-^) = c'(p' + ^)(q' + a 

can be gradually simplified by some of the substances present being 
such a state that their active mass is constant : 1, 2, 3, or 4 sub- 
stances in succession may be in this state, so that we have four cases 
of limited equilibrium of the second order, which will now be con- 
sidered in detail. 

If, for example, the last substance assumes such a state, we have 
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q' + f = a constant, 
and p' = ; then 



or 



or 



At the same time let m put as before p=q-l j 

The ratio of the quantity of the newlj-formed substance (which is Dot 
in a state of constant concentration) to the square of the quantity ol 
the original substances must thus be cone tan t 

No gf>otl ei ample for this case ia aa yet known. It is approsimjiteh 
realised when calcium chlorid*s and oxalic acid act on each other in mlmmi, 
calcium oialate ajid liydrochloric acid buing fornjud. The oxalate aep<inU» 
out aa a flolld and so has a constant active mass?. Careful espeiimeata baTe 
shown, however, that with varying quantities of the components the fonaub 
is not always satisiied. The reaeon of this probably is that the CDefficients of 
velocity c and c' are not independent of the relative amounts present 

If two snbstances assume the state of constant concentration, tb 
formula can receive two forms. First, q - x and q' + x can hecome 
constant, passing into p and p\ io that 

c{l-|)/>=cV. 
c'p'-l-i 

This formula reminds one of that obtained for equilibrium of ih 
first order. It states that a constant i^tio of the two substances -with 
variable concentration^ gaseous or iu solutionj is required for equilibrinnL 
The quantities of the substances with constant active mass have m 
effect at all. 

The many tests applied to the formida have all proved it to k 
in accordance with experiment. Thus the experiments of DeviUfl 
(1871) on the interaction between water-vapour and iron, hydrogen and 
ferrosoferric oxide^ conform to it. Water- vapour is partially reduced 
by iron to hydrogen, and at the same temperature hydrogen is oxidised 
by the ferrosoferric oxide thus formed. The two processes mutually 
limit each other, so that at every temperature there exists a 
definite ratio between water-vapour and hydrogen, for wbicb 
the mixture suffers no alteration either from iron or ferrosoferric 
oxide. The ratio changes witli change of temperature, the proportion 
of hydrogen becoming smaller the higher the temperature rises. 

A second example was thoroughly investigated by Guldberg and Waajf^ 
(1867), viz. tlui action between barium sulphate and pcttassium carbonate 
the one hand, and between barium carbonate and potassium sulphate on l^^^'* 
other. As theory predicts, there is equilibrium wlien the two variahU 
substances (potassium carbonate and sulphate) are in a constant ra^*^ 
(4 : 1). 
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But there is still a second possibility of the active masses of two 
bstances becoming constant : namely, when p' and q' are both of 
►nstant concentration. Then the equation has the form 

c(p-a(q-^) = cvv. 

(p-^)(q-0 = "-^'. 

tt this case there is equilibrium when the product of the two variable 
Dncentrations has a constant value. Examples will be given in the 
ext chapter (on dissociation). 

If three of the reacting substances have constant concentration, 
he equation becomes 

C irp ^ 

Dn the left-hand side of the equation there are only constant quantities, 
jonsequently there can be equilibrium only at one definite concentra- 
ion of the variable substance. This case is quite similar to that 
iescribed on p. 299, only here the number of solids has risen to 
ihree. 

Isambert (1.886) investigated a reaction coming under this head. 
When ammonium chloride is mixed in the solid state with lead 
oaonoxide, ammonia is evolved with formation of lead chloride (or 
perhaps oxychloride) until a definite concentration (pressure) is 
reached. If the pressure is increased, ammonium chloride is repro- 
iuced until the concentration sinks to its former value. 

The last case, in which four substances of constant active mass 
react together, leads in general just as little to a state of equilibrium 
as when two such substances alone are present — either the one or the 
other system existing exclusively. Only at some definite temperature 
can there be coexistence of the two systems, and then they may be 
in any proportions. 

Such considerations as these can evidently be further extended, 
hut we need not occupy ourselves with them here, as the experimental 
investigation of the more complicated cases is almost entirely wanting. 
We may only remark in general that the kind of equilibrium in a 
system of substances capable of reciprocal transformation, depends on 
the number that are in a state of variable concentration, i,e, that are 
gaseous or in solution. The following table will serve to illustrate 
this:— 

''''^^mJc^:^^o^''' EquationsofEquilibrium. 

No equilibrium in general. 

1 p = const. 

I 2 = const. 

2 -j q 

Ip. q = const. 
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Equations of Equilibrium. 

I ^ = const. 
vpp'p"= const. 
— ,=const. 

EE-E_ = const. 

q 

pp'p"p'"= const. 

The general equation of equilibrium will thus have the form 

PP'p" . • . 

-^-TT, = const., 

qqq ... 

where p, p', p" . . . are the concentrations of the substances on the 
one side, q, q', q" . . . those on the other side of the chemical equation 
for the reaction. 



Number of SabHtances with 
variable concentration. 



etc. 



I 



CHAPTER m 



DISSOCIATION 

The term dissociation was introduced by Deville to denote certain 
phenomena, scattered examples of which had long been known, but 
which were thoroughly investigated by him for the first time — the 
decomposition namely of chemical compounds by heat, with formation 
of gaseous products. In such processes states of equilibrium are 
attained subject to the general laws discussed in the preceding chapter. 
They might, therefore, be considered merely as special cases of what 
^e already know, but still the phenomena of dissociation have so 
ixiuch that is peculiar to them that a somewhat comprehensive account 
ouly not be undesirable. 

The simplest case is when a solid on decomposition evolves a 
single gas ; and it was here that the first regularity was discovered. 

for example, we heat calcium carbonate, then, above 450°, carbon 
^ioxide is evolved, the substance behaving exactly as a vaporising 
liquid. For every temperature there is a definite density or pressure 
carbon dioxide, at wWch the gas is in equilibrium with both calcium 
^ibonate and calcium oxide present as solids. 

The same is observed with salts containing water of crystallisation, 
^^veral investigators, it is true, have denied the existence of a definite 
PJ^essure at a definite temperature, but all the recent and more exact 
^^searches show the perfect accuracy of that law of dissociation, and 
^ particular, that the pressure is independent of the quantities of the 
^Wo solids — original and decomposed. 

The theory of chemical equilibrium leads to the same result. We 
^e dealing with a reaction between three substances, two with 
constant and one with variable concentration. The equation of 
equilibrium, if we put u instead of p - ^ for the concentration of the 
variable substance, retaining tt for the substances of constant con- 
centration, becomes 

CTT = CjUTTj, 

3r CTT 
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On the rightrhaiiJ side we have only constant values, so that tk 
variable concentration on the left must for any one temperature be 
constant 

The validity of the equation, however^ is dependent on the C(j^ 
ditiouB for which it was developed being maintained. Thus the m'sm 
of the substances in the whole range investigated must remain tie 
sama Sodium phosphate, ^fa^HPO^* ISH^O, for example, has I 
definite dissociation- pressure of water -vapour, which at a givan 
temperature does not change although we remove more and mare 
water. Bnt this only holds up to a certain point ; when so mudi 
water is removed that seven atoms only are left, the pressure suddenly 
becomes smaller, and remains constant for furtlier removal of water. 
Under these circumstanceSj the other hydmted salt, Na^HPO^* TE^O* 
has been formed, and this has another and smaller velocity of decoui- 
position c, 60 that the constant expression on the right -bond side of 
the equation assumes another value. 

Himilarlyj the equation no longer holds when, during the process, 
one of the substances suffers further change, thus becoming incapaMe 
of taking part in the reverse action. Manganese carbonate, for 
example^ decom|>oses on heating like calcium carbonate. The matt- 
ganous oxide fomied, however^ is partially oxidised at the expense d 
the carbon dioxide (3MnO + CO^ =^ Mnjj04 + CO), and cannot after- 
wards pass back into the carbonate. In this ctise, in the equation 
cir = c^utt^ , the velocity of the reverse action is 0, so that the constant 

u = 13 rendered infinitely great, Le. the direct action proceeds 

without limit. 

We can make use of the law of constant dissociation-pressiure to obteiB 
information regarding the existence or non-existence of definite compounds 
One example— the cmse of the two hyd rated sodium phosphates— has akeady 
been given. Other such cases have been studied, ic. particular the amintm)* 
compounda of the metallic chloridea. If silver chloride be saturated witi 
ammonia, the compound AgCl.SNH^ is formedj winch, at 48 has a 
pressure of 241*4 cm, of mercury. On continuous removal of ammonia tln^ 
pressure at first remains unchanged, suddenly, however, to sink to 28^6 cm- 
This sudden change takes place when exactly half the ammonia has been 
removed, and the compound SAgCl . 3KH,j remains. On further removal 
of anunonia the new pressure does not alter until the last portions of 
ammonia have left the silver chloride. 

A second case of dissociation is that of a solid giving of ^^'^ 
gaseous substances on heating. Whether the solid is completely 
transformed into the gases, or whether a residue remains, is of 
consequence. We shall take the last case as being the more genenil" 
The equation of equilibrium is then 



Ctt ^ C^UjU^, 
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where r as before refers to the solid, u^, and to the gases. Separat- 
ing the variables from the constants we have 

c 

" ^1 

For equilibrium, then, the product of the two variable concentrations 
must be constant. 

Ammonium hydrosulphide KH^HS, affords us an example of this 
case. It is formed of equal volumes of ammonia and hydrogen 
sulphide, and on heating is reconverted into these. As long as the 
dissociation of this substance takes place in an exhausted vessel (or 
one filled with an inactive gas) the phenomena are not to be dis- 
tinguished from those already described. For on dissociation the two 
gases are produced in equal volumes, and thus u^ = u^, so that for 
every temperature there is a definite dissociation-pressure, each gas 
contributing half. 

•The matter assumes a totally different aspect, however, if one of 
the products of dissociation is present as such in the vessel from the 
heginning. Then there is a much smaller quantity of the hydro- 
sulphide dissociated — ^the product of the partial pressures of the two 
components having the same value *as before. Thus the pressure of 
Junmonium hydrosulphide was found by Isambert to be 50 1 cm. at 
25 r in an exhausted space. In an atmosphere of 8*G cm. pressure of 
hydrogen sulphide, the pressure rose to 50*4 cm. on the introduction 
of hydrosulphide. Half the increase of 41*8 cm., viz. 20*9 cm., is duo 
to the ammonia, the other half, plus the original pressiu'o, 29*5 cm. in 

is contributed by the hydrogen sulphide. In ammonia of 32 cm. 
pressure the partial pressures were found to be 13*8 cm. and 45 8 cm. 
If We write down the product of the partial pressures for each case 
(the temperature being constant) we obtain — 

Hydrogen sulphide. Ammonia. PriHluct. 
25-05 25 05 627 
29-6 20-9 616 
13-8 45-8 632 

The products agree within the limits of experimental error. 

If one of the two gaseous products of decomposition is present in excess, 
there is, as we must again take occasion to emphasise, no constant dissociation- 
pressure. On diminution of volume, equal volumes of the two gases dis- 
appear by combining to form the solid, and in the remaining gaseous mixture 
ihe components are in different proportions from what they were before. 
S"ow, as the law is that the product of the partial pressures must be 
;onstant, it follows that their sum will increase as the difference between 
he pressures is greater, i.e, as the volume of the uncombined gases grows 
mailer by their union in equal volumes. Conversely, if the volume be 
ucreased, the common pressure will diminish, converging asymptotically to 
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the v$lm comsponding to the substiuice in vacu5. In such esperinietit^ nj 
attention whatever has been paid to these considemtiona, and the apjuarei] 
diierepfflncies between the measurementfl and theory are probahly in giei 
pwrt due to this. 

We have a third case of equilibrium when the solid dissociates ini 
eqiial volumes of three gases. The corresponding equation is 

CTT-CiUjU^ll^, 



ie. a state of equilibrium is reached when the product of the ihm 
partial pressures attains a certain definite value. 

For the case in which none of the gases formed were preseot in 
the vessel from the beginning u^=n2 = u^; and the equation becomes 



showing no formal difTerence from the first case of dissociation- 
equilibrium. Only when the gases are present in uneqnoJ volQmes il 
the special nature of this dissociation made evident. 

The same formula applies to the case of the solid evolving oalj 
two gaseSj one of these, however, possessing twice the volume of thi 
other. For reproduction of the solid the active mass of the former 
ga.s must be twice that of the latter^ — the union is one of three mole- 
cules, and it makes no difference ivith respect to the fundamentJil 
formula whether these molecules are of the same kind or not, Tlifl 
equation is merely simplified by % becoming equal to u^, so that we get 



Equilibrium, therefore, is produced by the product of the density oi 
the one gas into the square of the density of the other (viz. the g^as 
occupying two-thirds of the whole volume) having a definite value. | 
From this it follows that the presence of the same excess of one or | 
other gas will affect the dissociation-pressure difierently, the excess d i 
^r^ls having the larger volume acting much more eflectively than the 
excess of the other, \ 

These interesting relations are illustrated by the behaviour of I 
ammonium carbamate, formed by the combination of one Toluioe of j 
carbon dioxide with two of ammonia [CO^ + SNH^ = CO(NH^){ONHj]* i 
Horstmann (1871) and Isambert (1883) have investigated this suhBtaaoe, | 
and find a satisfactory agreement with the theory. | 

In all the cases of dissociation we have hitherto discussed it ha* ' 
been assumed that a solid substance is dissociated into gases. Tb® 
original substance may also, however, be a gas. Thus hydrogen* 
iodide on heating decomposes into hydrogen and iodine according ta J 
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the [equation 2HI = H2 + l2. For this case we have, in accordance 
with the remarks made above, 



cu^ 



Cu2 = CiUiU2, 

u referring to the hydrogen iodide, and Ug to the iodine-vapour and 
hydrogen. If neither of the latter is present in excess, = Ug, and so 
u 1^ 

or — = ^ -i. This signifies that at a given temperature 

the ratio between decomposed and undecomposed hydrogen iodide is 
independent of the pressure ; for we can increase or diminish u 
and \ in the same proportion without the equilibrium being thereby 
disturbed. This conclusion has been found by Lemoine to be in close 
agreement with observation. 

u c 

; If one of the gases is in excess, we have — ^ = - . Here the state 

f UjUg c 

of dissociation remains unchanged if the pressure of the hydrogen 
iodide and the other gases be simultaneously so altered that the 
former is proportional to the geometric mean of the latter. 

We have a second case of completely gaseous dissociation when 
out of one volume of the original substance there are formed two 
volumes of the new bodies. As examples of this we may mention 
phosphorus pentachloride, PCI5, which dissociates into PCI3 and Clg ; 
the so-called bromide of amylene (CgH^jBr = CgH^^ + HBr) ; nitrogen 
peroxide and iodine (l2 = 2I). In the two first 

examples the gases produced on dissociation are different, in the 
last they are identical. As has been shown above, this con- 
tritions only a slight alteration in the formula. We have, namely, 

cu = c^u^U2, 

or if Uj = Ug (either from none of the different gases being present 
from the commencement, or from two volumes of the same gas being 
evolved) then 

cu = Q.^^ 
, Ui'^ c 

and ^ 

U Cj 

The equilibrium is here no longer independent of the pressure, for if 
U and Uj are increased in the same ratio, u^^ : u changes its value. 
This holds for all the following cases. If the pressure experiences no 
alteration by dissociation, as happens with HI, then, conversely, the 
dissociation is not influenced by it ; if, on the other hand, the pressure 
increases with increasing dissociation, as in the present case, then the 
dissociation decreases with increase of pressure. 

The influence of pressure has been investigated for several of the 
examples, and the results have been found to agree with the deductior 
the equation. This same equation too has become of great impor) 
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anotlier direction. It Uaa already been stated (p, 274) tliat manj electro^ 
Irtes in aqueous solution are decomposed into their ions— are dissociated 
Since now substanceB in dilute solution are governed by tbe laws for gas^ 
It followfl tbat tbe laws of dissociation are applicable in this caee ss.ho. The 
electrolytes for the most part are substances that undergo dissociation in the 
way wc have just discuBsed, one molecule of HClj for ejkainple^ falling inla 

+ 

two sub-molecides or ions, H and CL In reality tbis law of diesociaiaoQ 
hm been proved valid witb electrolytes to an extent far beyond tbat attain- 
able in the case of gases. Details will be given hereafter. 

It is easy to find tbe law of dissociation for more compbcEited 
cases, but it is needless to dwell longer on the subject, aa the experi- 
mental investigation is still wanting. 

The dissociation of such compounds as nitrogen peroxide, which 
only change their molecular state, is measured by ascertainiug tbe 
density. If the density of the original substance be d and that of tlie 
product of dissociation d', then generally d ^ nd', if n is the mimber 
of molecules into which one of the original molecules decomposes,— 
for nitrogen peroxide, therefore, d = 2d' , Let us denote the observed 
density of the partially dissociated mixture by D ; the problem is to 
calculate from this magnitude the dissociated portion x of the originai 
gas. 

Tlie gaseous mixture consists of 1 - x volumes of the density d 
and 2x volumes of the density d', the total volume being thus 1 -f s. 
As the density of the undecom posed gas is to that of the mixture 

inversely as tbe corresponding volumes, we have ^--y- ^ 

d — 13 

X = , In the equation for eqdlibrium we have to subsfcitiite 

(1 - x)p for Uy and xp for u^, p representing the pressure of the gas 
supposed undisBociat^d. 



CHAPTER IV 



AmJCATlOH OF THEEMODYNAinCS TO CHEMICAL EQUILIBRIUM 

m what has been stated in the precediug chapter yfe are enabled 
' deduce the laws of chemical equilibriiim by using as hasis the 
ipirieal principle, that the action is proportional to the 
tive mass. And to this we have in addition the special law that 
e active mass of solids is constant 

These principles, however, are only available on condition that 
e temperature remains constant : they tell us nothing of the influence 
)f temperature on the state of equilibrium, an<l how the latter alters 

rh change of temperatare- 
We must here have recourse to other considerations drawn from 
rittite different departments of science, viz. from thermodj^namics^ and 
from the kinetic molecular theory. By suitable application these lead 
to exactly the same results as were arrived at above empirically r 
the former having the advantage of greater generality, the latter of 
being more easily comprehensible. All three methods can be employed 
ivitb almost equal ease to deduce the equations for chemical equilibrium 
at constant temperature, ie^ for isotherm al equilibrium. The 
thermodynamical method alone gives us direct information as to the 
excessively important influence of temperature ; the molecular method 
allows of some conclusions being drawn, although vrith difficulty ; 
3^t>d to the empirical mode there must he added a new principle to 
enable us to obtain information even as to the character, Avithout 
peaking of the amount, of the influence of temperature. 
" This additional empirical principle is a special case of a law of 
grieat generahty, which ^ it would appear, has not yet found a complete 
fi^pression. The law was comparatively early, but insufficiently, 
formulated by Maupertuis in the first half of last century aa the 
prbciple of Least Action, according to which all processes in nature 
^tc place in such a way that the smallest possible quantity of work 
^expended, or that the existing configurations suffer the least possible 
B&tui'bance. While this principle was formerly limited to dynamical, 
P at most to optical applications, there is at present a growing 
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recognition tliat it is everywhere valid and cm be applied to 
processes whatsoever. 

It may be put into the following shape; — If, in a systeaiiii 
equilibrium, one of the conditions of ec[uilibrium is forciblj 
altered so that the system assumes a new state, ttien th 
other correlative conditions change in such a manner as ts 
resist the alteration in the first condition. 

Applied to the case before us, the principle becomes the following 
special law. If a system be in such a state of chemical equilibria^ 
that any alteration of the temperature will cause a displacement cf 
the equilibrium, ie. will originate a chemical process witlun the spteoi, 
then the displacemeiit will always take place in such a direction tkt 
the heat of reaction serves to counteract the effect of the change oi 
temperature. If we heat the system therefore, the reactioa wliidi 
takes place w^ill be accompanied by absorption of heat ; if we cool tlw 
system, the corresponding reaction will develop heat. 

The simplest example of this principle is to be found in the case of 
simple heterogeneous equilibrium, regulated, as we have already sefln 
(p, 251), by tie formula 

dp^ P_ 
dT Tn' 

This equation was proved for the passage of liquids into vapour, t.^ 
for a case of heterogeneous equilibrium of the first order (p, tlic 
signification of the symbols being — dp change of pressure, dT change 
of temperature, p heat of vaporisation, T absolute temperature of 
transformation, u change of volume on vaporisation. It was then 
shown that the equation had a wider significance. Indeed, tbe only 
assumption made in deducing it was that the pressure should be inde- 
pendent of the quantity of substance in one state {liquid), but dependent 
on the quantity in the other (gas). This assumption is equaUy Talid 
for processes of dissociation such as we are considering, e.g. the tram- 
formation of calcium carbonate into calcium oxide and carbon dioxide^ 
and consequently the formula is also applicable to them. 

The sign of the quantity p is so chosen that heat absorbed on tbe 
transformation shall be reckoned positive, and heat given out, negative. 
In thermocliemistry heats of reaction are reckoned in the oppositd 
w^ay : heat given out is there positive. Attention must be paid to tins 
XJoint of difference w^hen the formula is being used. Heat is absorbed 
in the decomposition of calcium carbonate, therefore we make p positive 
in the above equation. From this it results that dp must have tbe 
game sign as dT, i.e, the dissociation -pressure increases with rise of 
temperature. 

No case in which a measurable dissociation is accompanied by develop' 
HI en t of heat has as yet been thoroughly investigated. Numerous phenomenal 
howeverj are known qualitatively which were formerly consideretl very 
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enigmatical, bnt which are easily explained by our principle. There are 
compounds stable under ordinary conditions which at higher temperatures 
decompose into their elements with evolution of heat, while again at the very 
higbest temperatures they exhibit a surprising degree of stability — being then 
even freely formed from their elements. Cyanogen and acetylene are 
examples. Both gases are formed in quantity at the highest temperatures 
we can produce — ^in the electric arc and in the blast-furnace ; while at a red 
heat they cannot exist, but either fall into their elements or pass into more 
stable compounds {e,g, acetylene into benzene). These are substances for 
which p is negative, and consequently for which dp and dT have different 
fflgns, BO that with rise of temperature the dissociation diminishes and the 
I stability becomes greater. 

I These considerations are of great importance for the relative stability of 
[ different substances and for the possibility of the existence of stable com- 
; pounds at high temperatures. We usually conceive the influence of 
temperature on chemical compounds to be of such a character that the higher 
the temperature rises the more unstable these become, until they at last fall 
bunder into their elements. This is quite right for compounds which are 
formed with evolution of heat, on whose dissociation therefore heat would be 
absorbed : but just the opposite holds for substances formed with absorption 
beat As has been explained, these become more stable the higher the 
^mperature rises. It is thus by no means indubitable that in the sim's 
atmosphere the elements are, as some think, all present in the free state 
Owing to the very high temperature ; on the contrary, it is quite possible 
*hat various compounds exist there, of which we have as yet no knowledge 
Whatever. 

The law has another application — to solutions, namely. It is well 
known that some substances dissolve with evolution, others with 
absorption of heat. If now we have a saturated solution at a definite 
temperature, and heat it in presence of excess of the dissolved sub- 
stance, then the equilibrium will suffer displacement so as to resist the 
heating. If further solution is attended by absorption of heat, such 
-Solution will occur ; if, on the other hand, further solution would con- 
dition further heating, it will not take place, but there will rather be a 
-deposition of the dissolved substance, for such deposition occasions the 
cooling demanded by the fundamental law. 

Sodium sulphate is a good example of this. Glauber's salt, 
NagSO^. lOHgO, dissolves with considerable absorption of heat; its 
solubility therefore increases with rise of temperature. On the other 
hand, anhydrous sodium sulphate dissolves with evolution of heat, and 
so its solubility-curve (known above 33°, cf. p. 151) sinks as the 
temperature rises. 

Attention should be paid to the fact that it is the sign of the heat of 
solution in the almost saturated solution which determines the sense 
of the change of solubility with temperature. Substances which dissolve to 
a large extent in water usually have their heat of solution smaller the more 
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caiietititTnteil tbe ^olQtion becomea^ and it is not impossible tbat such subn 
Mtanc^ having a small negative beat of solution in dilute soltitionSj my 
acquire a positive heat in more concentrated solutionis, m that only the %ii 
in almost saturated solutions is of use in the application of the above principk 

The exposition just given on the basis of the equation ^^^^i* 

true in the first instanee only for the narrow group of phenomeDa for 
whicli the formula was developed, ie. the states of heterogeneom 
equilibriuui of the first order — between two substances only. W6 
might inquire if an extension of the equation is not possible which 
wookl ciomprehend all states of equilibrium. Such an extension may 
ill fact be made, hut not in an elementary way without great difficulty. 
The reader must therefore rest content with an indication and 
exposition of the results obtained {very simply) by means of higher 
analysis. 

In the first place, by assuming the validity of Boyle's Law and 
Gay-Lu3sac*s Law lor rapotirs, we can put the equation into the fom 



or 



'®I>„ six, T^' 



C being a new constant. 

When more than one substance with variable concentration is 
cerned in the process, the first equation becomes 

^p/'^ip^^^p^^^,.. 2T ■ 

Here p^, p^, p.^j . . . indicate the pressures exerted by the origiiisl, 
q^, q.,, q^, . , . those by the resulting substances of variable concentra- 
tion. The exponents m^, . , n^, n^ . . . denote the number of 
molecules of the substance in question taking part in the reaction. 
The equation is true for processes into which solids enter, as well as lor 
those entirely confined to gases. In the same way it holds for both 
gases and dilute solutions, and thus comprehends with toleriihlti 
completeness all we know of chemical equilibrium. It must not 
be forgotten that It was iieduced on the assumption of the valifhtj 
of Boyle's and Gay-Lussac's Laws, and is consequently only applicaU^ 
within the limits between which these laws are a sufficient approxi- 
mation. 

For example J in the case of the dissociation of phosphorus petitA- 
chloride, PCl^ = PCI3 i- Clg, the equation assumes the following form-^ 

where q^ is the pressure of the trichloride, q^ of the chlorine, and pi 
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of the undecomposed pentachloride. For the dissociation of iodine 
vapour it is 

q referring to the dissociated, p to the undissociated portion. 

In a case investigated by Horstmann, viz. the chemical equilibrium between 
hydrogen, carbon dioxide, carbon monoxide, and water- vapour, when mixtures 
of hydrc^en and carbon monoxide are exploded with insufficient quantities of 
oxygen, the equation is 

P1P2 referring to the one pair, hydrogen and carbon monoxide, q^qg to carbon 
dioxide and water- vapour. In all cases it appears that with rising tempera- 
ture the equilibrium sufiFers displacement in the direction of the reaction in 
which heat is absorbed ; the dissociation of phosphorus pentachloride and of 
iodine increases with increase of temperature ; and, in the same way, more 
^hon dioxide is formed the higher the temperature rises, for the heat 'of 
combustion of carbon monoxide is somewhat smaller than that of hydrogen. 

The law too has its application to dilute aqueous solutions. Sodium 
^phate is partially decomposed by hydrochloric acid, heat being 
thereby absorbed. Consequently the higher the temperature is, the 
further does the decomposition of the sodium sulphate proceed. Van't 
Hoff, who was the first to make such applications of the law, found 
the actual process to agree closely with the theory. 

The preceding thermodynamical discussion was confined exclusively 
to states of equilibrium ; and, in fact, it is only with such states that 
the science at its present stage allows us to deal. We saw above 
(p. 298), however, that these states are the result of two opposed 
processes, which occasion no further change in the system when the 
opposite velocities have become equal. But in the equations we have 
'>een using it is always possible to replace the ratio of the active 
**uw8es (concentrations or pressures) by the inverse ratio of the 
^rresponding velocities, so that we obtain 

■t is true that from this formula we can learn nothing of the separate 
'elocities c and c^, but still we can see how their ratio varies with the 
^mperature. If /o = 0, ie, if the reaction takes place without thermal 
ffect, then c : Cj does not alter, and so we conclude that the velocities 
t the opposed actions alter in the same proportion for any given 
hange of temperature. If p has a finite value, the velocity of the 
eaction taking place with absorption of heat will increase more 
ipidly with rise of temperature than that of the other, so that in 



316 



OUTLINES OF GENERAL CHEMISTRY 



accordance with our principle the equilibrium will be disp 
favour of the first reaction. 

As to the form of the equation representing the influence of teD 
on the velocity of reaction, we can only conclude that the factors 
functions of T occurring in the equation must be equal, as they desi 
other in the quotient. This too is quite plausible ; for the opposed 
take place under exactly the same conditions in one and the same s; 
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APPLICATION OF THE KINETIC MOLECULAR THEOEY TO 
CHEMICAL EQinUBRIUM 



the preceding chapter attention was called to the possibility of 
aining the fonnul^ for chemical equilibrium on the basis of the 
lecular theory. The considerations here involved teach ns little or 
ihing new ; but they at least give us, instead of a mere abstract 
mnlation of the results, a clear idea of how the equilibrium comes 
mt. 

We already know how to conceive a chemical process in the light 
this theory. The atams of the reacting substances come into close 
Qtact with each other, and, it may be, i>art in quite a different way, 
8 atoms formerly separate remaining united, and lice versd. This 
m place excessively often^ for even such apparently simple pro- 
ises as the fonmation of hydrochloric acid are cases of double 
composition, as appears from the equation + Cl2 = HCl + HCL 

Chemical processes in general require time for their completion. 

reasoidng ^ prwri, it is difficult to see, if the conditions exist for 
ae molecules reacting, why all the others should not at the same 
ie do likewise. If we mix acetic acid and alcohol at the ordinary 
iperature, small quantities of acetic ether are formed after a few 
ends - yet in order that as much of the ether can be produced as 
possible under the existing circumstances, years— strictly speaking, 
iniimte time— must elapse. 

The explanation of this apparent contra^iiction was given by 
lundler (1867), the fundamental idea having already been stated 
" a limited ninnber of cases by Wilhamson (1851) and Clausius 
B*^7). It lies in the recognition that the state of the molecules in a 
mogeneous system at a constant temperature is by no means every- 
im the same ; but that some of the molecules regularly diverge 
lire or less widely from the average state. A process can thus begin 
hen only a few of the molecules are in the requisite state of motion 
' vibration, and for the completion of the process it is necessary that 

I 
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^* If w# emt«ukr a cfaemral ^wsm takLiig place nteac^ dremtm^H 

ttuii two mh^Mmt» A amd B &re CDUve^ied mto twt» otkas A' ad B', 
St thii Miae tifju; th^ fecon version of A' and mto 1^ oa^mal A 23^ B 
Cftn aUo oeicnir, then the mm sMUjiiption of atb^^tm loras Wtire^:! the 
mtwtftiwei or their componeato is no longBr sufficient to explua ili^- : 
bat ir« miiil for thii purpose take accocml of Ibe motiaii of the 
mokcalgfc 

'^Tlie aquilibriu!!! betvreen two imcli chemic^ procsesi^ « tao^ib 
equilibriuuij fr*r two opposite leactioiift take place winnmltMftfBWwIj — fresk 
qiiftfitpticif uf A' atid B' being formed while A and B Ihesnsdves arf beiig 
reprf^lnr'^d. When eqmil quantities of these paiis are famed in nnit tiiie» 
ei|uj|jbnuiT) results. The {chemical reaction for the comTersion of A 
B into A' and B' u repreaented by tlie equation 

A + B=A' + B'. 

"If tbfi molecule A i** composed of the atoms or molecules a and y, thm 
latter execute their own proper movement® within the compound moleculeB^ 
Owin|i{ to these proper inovemeots, a and y will now approach, now retit* 
from each other, and under certain circumstances their motions wiU hsM 
of iuch extent m to decompose the molecule A into the two component 
Jind y. The same holds* for ft and S, the components of the niolecuk B. 
Now, n% each of the compound molecnlea A and B is in motion as a whoktit 
will from time to time come to pass that a molecule A will cMOuntcr* 
iiiolccule B. If this encounter of A and B happen under such circumstances 
that either a and 7 aa well as ^ and ^ are completely separated from eiitb 
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other, or at least that the distance between a and y on the one hand, and 
between P and S on the other, has almost reached the boundary of the sphere 
of action, then the chemical forces of attraction between ^ and y, and 
between a and S can do no other than condition the formation of two new 
molecules A' and B', where A' = a + 8 and B' = ^ + y. In the same way an 
encounter of two molecules A' and B' may cause the formation of A and B, 
if the components a and S, on the one hand, and jS and y, on the other, are 
either completely separated or so far removed from each other that the 
attractive forces between a and y and between ^ and 8 are capable of 
effecting the formation of new molecules A = a + y and B = /? + S. 

" When we are dealing with an addition instead of a double substitution 
similar considerations are to be employed. A compound molecule ABC 
can, under certain conditions, fall into its components A, B, and C, while 
simultaneously, by the encounters of the molecules A, B, and C, new 
molecules of the formula ABC can be formed. 

"The rate of formation of new substances may be determined in the 
following way. If the number of molecules of A and B in unit volume be 
denoted by p and q, the product pq will represent the frequency of the 
encounters of these molecules. If now each motion of the various molecules 
be equally favourable to the formation of new substances, the velocity of 
the chemical reaction — in other words the quantity transformed in unit 
time — may be made equal to <jf>pq, the coefficient of velocity being supposed 
dependent on the temperature. 

" This view, already known from the theory of gaseous dissociation, may 
now be extended as follows so as to become generally apphcable to all 
states of aggregation. 

" Amongst the p molecules of A in unit volume, there will be in general 
only a certain fraction of them, a, in such a condition that on encounter with 
the molecules of B a chemical exchange will take place. Similarly, amongst 
the q molecules of B contained in unit volume, there will only be a fraction 
b in the state requisite for chemical exchange with the molecules of A. 
Thus on the whole there are in unit volume ap molecules of A and bq 
^Holecules of B, which on meeting will be transformed into new substances. 
Consequently the frequency of encounter of the active molecules will be 
Represented by the product ap . bq, and the rate at which the formation of 
>iew substances will proceed is to be expressed thus 

<^ ap . bq = kpq, 

^f for brevity we put ^ ab = k. 

" A still further extension is possible, so that all reactions may be in- 
cluded, irrespective of the number of substances taking part in them. If, 
for example, the formation of new compounds is rendered possible only by 
kte encounter of three different substances A, B, and C ; and if the number 
molecules of these in unit volume be respectively, p, q, and r ; a, b, and c, 
Uistljr, being the coefficients peculiar to the substances — then we get as the 
Expression for the velocity 

^ ap . bq . cr = kpqr, 

I again representing the product of the coefficients. 

" The rate of formation of an addition compound aA + ^B + yC, com- 
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One dilEcnltj of m pe^iliar natore hm stood in the way of ^ 
wuppBmldm of the kiDetic hjpotlie^ to heterogeneous eqi^ilibriunL 
It appewE, namely, at the first gbttiee — and this conclusion has oftea 
been openlj expressed — as if the eqiiflibriam cannot be independent 
of the qwmutj of the ^bstanoe present, although this is iictualljf 
the CML T«^ev for instance, the dissociation of calcium c^rl}Onit«; 
A lEtafce of cquilibriuni will be assumed when from the surface of 
calchmi carbonate as manj particles of 4^rbon dioxide are ^vm off 
as are taken up in the same time by the surface of calcium oxide. 
From this it seems directly to follow that the equilibrium depeiuli 
on the ratio of the surfaces of the carbonate and the oxide, whieh 
contrary to experience. 

This apparent contiudiction caused Horstmann to declare tlie 
kinetic hypothesis, interpreted as above hj Pfaundler, to Ije incorrect; 
Pfaundler on his side indicated that the experimental result could h 
deduced from the kinetic theor}^ but nowhere to the author's know- 
ledge has be published this deduction. 

Now, tl priori it must appear probable that the kinetic theory, 
which in its consequences has been so often found in hai-mony witli 
experience, can scarcely fail in this case to be so again if only It be 
properly applied. In the author*s opinion the want of agreement is 
caused by the consideration of the matter not having been sufficiently 
thoroughgoing. 

Let us in the first place consider a case of heterogeneous equUil^rioin 
ill which a solid or liquid passes completely into a gas, or a solid 
completely into a liquid. As a concrete example we may take tlie 
equilibrium between paracyanogen and cyanogen, or between a silt 
and its saturated solution. Let us keep in view a small portion of tbfl 
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ace of the solid and the quantitj of the gus or liquid in its 
mediate neighbourhood ; there will be equib1>nnm betweet;i these 
ten the same number of molecules enter and leave the bounding 
Ipface. This evidently also holds good for every part of the surfatre 
the solid (and cotisequently for the whole stirface), each being 
risidered along with the neighbourijig portion of the gas or liquid. ^ 
The interior of the solid has no influence ou the equilibrium, for A 
the solid jjasses into the other state of aggregation without residue, ^ 
alteration of the surface can be brought about by the dissociation, 
d so it is all one whether new portions of the solid come to the 
■face or not. 

It is further required that, the layer of gas or liquid next to the one 
contact with the solid should be iu equilibrium with this latter 
er ] which is obviously the case when the concentration of the gas 
the solution is the same in the two. So long as this is not attained, 
,e separated molecules migrate to the more distant parts of the 
jace in virtue of dii^'erence of pressure or by diflu&ion, until finally 
e whole volume, irrespective of its size, is uniformly filled by the 
Ls or by the dissolved substance. In this way we arrive at the 
Bsultj agreeing with experience^ that the equilibrLum is conditioned 
nlj by the density of the gas or the concentration of the solution— 
a wordj by the active mass. Since, with rise of temperature, the 
ittoleculcs, in consequence of their brisker motion, are more easily 
►rokeu ojf and more diflicult to retain, the decoraposition must increase 
ith increase of tern pei*at lire. 

Considerations of a similar nature lead us also to the compre- 
lension of the equilibrium betw^een sevend solids and one or more 
i, under which head fiill the decomposition of calcium carbonate, 
he dehydration of by drat ed salts, etc. At first sight the conclusion 
hi the relative quantities of the solids are of iofluence on the 
Bquilibrium seems inevi table ^ but a somew^hat deeper analysis shows 
hat this case Is precisely similar to that just considered. 

Let U3 imagine a piece of calciuiu carbonat'B enclosed in a close-fitting 
aii-ti^rlit shell at a tenipurature at whiclL ccrtaui iuoleciile.s of carbon diojtiiJe, 
^hme kinetic energy exceeds the average hj a certain aTnoimt, could just 
Ireak loose from the sohd. They do not do so, however, for there ia no 
ipace into which they can go. We have suck a caae when the carbonate is 
placed over li(]uid Dietal in a tube closed at the upper end. 

Let us pump a x>orlion of the metal out, so that a vacuum is produced, 
iintiiediately molecules of carbonic acid fly ofiF from the carbonate, whose 
lurfiicc then becomes covered with a niolecuhir layer of oxide. But this 
*yer is not in stable equilibrium either with the neighbouring gas or with 
lie layer of carbonate immediately under it^ Por the superficial layer of 
tis; solid being in general very small compared to the free space above it, 
Wilv relatively few molecules of carbon dioxide will at first leave the extreme 
tirfacCj and as a portion of them fly back, some will be retained : thus 
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ihere will result a temporarj state of eriuilibrium Ijing far Wneath 
atationarj^ Ciluilibriuin of diasocmlion. 

This state will now be disturbed by the layer of carbonate 1^ 
immediately imdet that of the oidde. In this layer also there is a d 
proportion of the molectdea above the temperature for decouipositio 
molecules of carbon dioxide continually separate, to enter the aupe 
layer of cakiu.m oxide, and there in the first in^tanc^a to be held fast 
however, the new superficial laolecules of carl>onate begin to disBodati 
fresli molecules of carbon dioxide enter the gas, and a new tratisi 
e<|uilibriuni m established^ — a state coming nearer the stationary equilibri 
than the first did. 

The same aeriea of processes is repeated with the deeper layers of th« 
carbonate, and now we have to ask when and how a stationary state will h 
reached. Between the undeconiposcd carbonate and the gas there is formed 
by the processes described a layer of par£ially decomposed carbonate, ml 
equilibrium will be attained when at the two limiting B^^ 
faces of this intermediate layer, the ratio of the caibonic acid 
moU^cules entering and leaving shall have assumed the sa 
constant value. This ratio is given by the ratio of the number 
molecules of carbonate above the temperature of decomposition to 
number below the teioperature of decomposition. The state of the inier- 
mediate layer is regulated by this ratio, and as the aaimj condition holdi 
for every part of the gas — that through any surface equal numbers of 
inoleculea pass in and out in a given time — it follows that the iate^ 
mediate layer behaves as a portion of the space occupied by t 
gas. Thus we have reduced this case to the former, in whiuh the 
passed completely into gas ; and the considerations given there, from vv' 
we concluded that the stationary state is independent of the size of tlie fi«fe 
space and also of the rtilative quantity of the solid, are equaDy applicable 
to the process under discussion. 

It should be particularly remarked that the compact masses in the interiof 
of a calcspar crystal, although they could decompose^ do not in fact do 
account of there being no space into which the molecules of carbonic ad J cso 
move. The phenomeua of dissociation take place exclusively at the Umitini; 
surface a of the intermediate layer. As this must be thicker the smaller ih 
surface of the solid is in compirison to the free spaeCj and as the xaoveiiieut 
of tliii dissociated gas-molecules through it must be comparatively shw^ it 
follows that equilibrium will take the longer to be reached, the less mh^ 
the solid presents. Experience abundantly confirms this. 

How these considerations may be applied to other similar cases need not 
be specially shown. The essential thing to be remembered is the part plnyei^ 
by tlie surface separating the different aggregates in contact with ofi^ 
another. 
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CHAPTEE I 

EXPERISfENTAL JVTETHODS 

In dynamics the magnitude of a force is defined and measured hy the 
clmnge of velocity it irajmrts to a definite maas in a definite time. A 
igecond mode of meiiaiiritjg forces consists ia the establishment of equili^ 
fciym between the given force and one oppositely directed of known 
Hr ascertainable magnitude ; thia is really a special case of the first 
Beneral mode, the change of velocity consequent on the application of 
Wie given force being reduced to nil by an equal and opposite force. 
The second method, although thus derivative, possesses all those 
^s^ntial advantages over the general one which are peculiar to such 
TO-methods, and is therefore far more frequently employed. 
m The measiu-ement of the intensity of chemical forces can likewise 
fctiudcrtakcn according to two methods, quite analogous to those of 
peneral dynamics. The more usual, for experimental reaKonsj is the 
«tAtic method, in which a chemiciil process is limited in definite 
proportions by a process oppositely directed, ue. one that reproduces 
tKe original substances from the pi'oducts of the direct process. 
I'jirallel to the kinetic method, we have that which obtains a measure 
fif the active forces from the velocity of a chemical process. The two 
tiiemical methods are connected with each other in the same way as 
the two dynamical methods ; for, as has been already fully explained 
([>. 298), we may look upon the equilibrium of chemiad processes as 
resulting from the mutual cancelling of two numerically equal but 
op|X3aitely directed chemical processes. 

The experimental proof of this inlimafce connection required by the 
theory between the velocities of opposite reactions and the quantitative 
relations of mass for wbLch chemical equilibriam appears, can only in the 
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tii-Bt instance lie given for pmcessea in wliich botb can be nieaaureJL Th 
furiiiation of tlie esU^rs from acids and alcohols and their decompositioE by 
water, Beenag to l>e the most suitsible for thia purpoee, and ahhongh it did nflt 
occur to Berthelot and P(5an dit St, Qilles to make Bueh an appUcaticn ol 
their experiments, there are uniongst tliese several that appai'ently mglit h 
utilised. Nevertheless, the possibility of an exact compariscm is excluded ca 
account of equivalent qnantitiea of eater and water not forming a b 
geneona mijcturc. Tlte active meases are therehy alt e red , and fram 
i^x peri meats we can only learn that, corresponding to expectation, 
foriuatton of est^r fi^ra acid and alcohol proceeds much more rapidly 
ita decompoeition by the action of wat^er* It haa been i-ecently shown^ how- 
ever, in another way to be discnssed later, that the connection in qa 
actually does exist 

From the meaBurement of the velocities of chemical reactioDS we 
are enabled to solve the old problem of measuring the intensity of 
chemical forces. If two analogous substances (e.g. two acids) 
occasion under the same conditions analogous processes with different 
velocities^ we shall attribute greater intensity of the chemical forces t« 
the substance generating the greater velocity. And similarly of two 
acids competing for the same base, we shall call that the stronger 
which after equilibrium Is established has neutralised the larger 
quantity of the base. 

I should like to call attention at this point to a possible error, which 
indeed oa occasion been committed. The worda velocity and force in tbeir 
application to chemical processes have not their ordinary dynandcal signilicJi' 
tion, but are employed in a merely figurative sense. Chemical velodtj 
is not the ratio of a apace passed over to the corresponding time ocottpi^ 
but the ratio of a ciuantity of substance transformed to the time re<iuired for 
the transformation ; in other wordsj ordinary velocity is rate of motioBi 
chemical velocity is rate of inaterial tranaforniation. Similarly, chemital 
foTCG is not the cause of motion, but of chemical transformation. We ^ 
therefore by no means directly apply dynamical theorems concerning ordinary 
forces and velocities to chemical phenomena. It is true, as has juat beeo 
shown, that certain similarities do exist, but along with them exi&t aliH> 
i mpor ta n t d i f fe rencea. 

The chief example of such difiereuces is that a single irapulflive 
action of force docs not produce^ as in dynamics, a permanent {unifonB} 
motion, A chemical process only lasts long as the chemical iom i^ 
in action, being at each instant proportional to it. If we want ^ 
dynamical analogy therefore, we must seek it in the motion of a 
in a fluid of great' viscosity. 

According to the general relations just explain ed, the methods fo'* 
the determination of the constants of chemical processes fail into two 
groups,— the kinetic or velocity-methodSj and the static or equilibriuff- 
methods. We shall begin with the last, as they are older in iheif 
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plicationj and, containing one variable less (time)» are to a certain 
tent simpler than the first. 

To ascertain the proportions of tbe active mfisses in a ease of 
lemical equilibrium we proceed in two wayiSj which may be designated 
lortlyj but not veiy aptly, by the terms chemical and physical, 
he methods are mostly employed sejmrately, but sometimes together, 
he chemical method is applied to heterogeneous equilibrium. A 
|)aration of the different portions and a chemical analysis of the 
^parated substances m here possible, the analysis usually giving 
Irectly the numbers required. Several examples of this have already 
Ben given in the discussion of heterogeneous equilihrium (p. 299). 

The physical methods are chiefly employed in casein of homogeneous 
j^uilibrium, where a mechanical separation of the components is not 
tacticable, and chemical analysis gives us no information as to the 
lagnitudes sought. They rest on the principle that conclusions ag to 
bemiail processes or states of distribution may be drai^ai from the 
leasurement of accompanying physical processes^ or of physical 
(Toperties depending on the chemical distribution. The theory of 
hese methods was first given by Steinheil (1843), and later {in 1848) 
I. Hofmann, at Kirchhofl^s instigation, developed it in a similar way. 

In general, every ])hysiciU property which is retained unaltered by 
Ibe elements of a com pounds whether se])arate or united, and for the 
ineELsm^emeat of which, instruments of sufficient accin-acy to keep the 
errors of observation within proper limits can be constructed, may be 
tiaeii as a means of qmmtit^itive analysis. 

The physical methods in the principal case of aqueous solutions 
take the following form. Let any jiroperty that can be represented 
ag a sum of sepiirate terms, of which each is proportional to the 
quantity of one of the substances present, have the value A for a 
miJCture of the reacting substances. If the quantities of these be 
pp qi p'j and q' — to use the same letters as before, ^ — and if a, a.\ and 
^ be the coefficients of proportionality of the corresponding substances 
with respect to the property in question, w^e have the eqiution 

A = ap + ^q + a p' + ^'q'. 

Sow let a reaction take place, the quantity | of p and q disappearing, 
aad the same quantity of p' and q' being produced. The property 
then assume a new value A', corresponding to the formula 

A'^ a(p - a ^ ^(q - f) ^- a'(p + ^) + /r(q' + 1), 

' ^ this way the distribution of the substances in the solution can be 
i iletermined, if the four coefficients a, j3, a\ ^ and the total value of 
property before and after the reaction are known. 
The method unfortunately loses its applicability to a case con- 
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8tnntly occurring, This ca«e is characterised by the relation hetwj 
the coiefficients a + ^ a ^' or a + - a - ^ - 0. Then the dmm 

A- A' 

inator of the fraction £ - — 7-? — ^ is equal to zero, and 

A * A' ^ |(a + /? - a - ^% we have also A - A' ^ 0, so that the 

pression for | takes the indeterminate form The propertj A 

retains its value for all values of |, so that | cannot be determined. 

This critical case almost always appears when M, N, M', are all 
analogoTifi binary a ub stances, such as neutral salts or esters. Fof 
many properties of such substances the borijgonUil and vertical tlif- 
ferences are constant in the table we have often used— 

^ f (a + b) f (a + V) f (a + b") , . 

f(a'4b) f(a+b') f(a' + bO . . 
f (a'^ + b) f (a" + ¥) f (a'^-^b'') , . 

Here , , bV, , , are the components, and f(a + b), * . re- 

presents the properties of the compounds in question. We haTe^ 
for example, f (a + h) - f (a + b') = f (a' + b) - f (a' + b'). As the sub- 
stances, M and N can transform themselves into M' and S', 
coefficients have the following values: — a-f(a + b), /8 = f(a^ + b'), 
= f (a -t- b'), = i (a' + b). The relation just established gives there- 
fore a-a=^ - or a + ^ - a - ^ = 0, which is the critical case. 

We do not even need this algebraical proof to see the insipplica^ 
bility of the method under the given conditions. The whole signifi- 
cance of the law of constant differences in properties is contained in 
the fact of these properties depending only on the nature of tht 
components and not on their distribution. If therefore the distribution 
is of no influence on the property, it is evident that from measure 
merits of the property no conclusions whatever can be drawn as to th* 
distribution, 

Gladstone was the first to apply physical method a in a systematic nianji^r 
to the solutioa of problems of affinity. From his researches we can at 
see the multiplicity of forms that can be assumed by the physical roetk^ds 
according to circumstannes. Besides change of colour, which he employed 1>J 
preference, lie turned to account fluorescence, circular polarisation, and th*' 
pheuomeua. of diflusion for the same purpose. The quautitative development 
of the method, liowever, was only partially carried out by him, for, since li« 
had no theory of the phenomena he was investigating, no great interest was 
attached to them. 

An example of the physical method in a fully developed fom 
first found in Julius Thomsen^s calorimetric researches (1869), whicb 
yielded all necessary Information as to the distribution of substances 
in a homogeneous liquid. 
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The coefficients ^, a', are hero simply qimntitiea of energy, 
re deal, for era-mple, with the action between sodium fluoride and 
Irogen chloride^ hydrogeti iiuoride and awliura chloride being 
med, we have 

a the energy of 1 equivalent of sodium fluoride, 



/3 

In the equation 



hydrochloric acidj 
sodium chloridej 
hydrofluoric acid. 



A- A' 



mi 
ktht 



denotes the energy of the initial state^ A' the energy of the state of 
equilibrium ; A - A' is consequently the thermal effect of the action 
of bydrochloric acid on sodium fluoride. The denominator is the 
difference of energy between sodium fluoride plus hydrochloric aeid, 
and sodium chloride plus hydrofluoric acid, ie. the thermal e fleet of 
the total transformation of the two first substances into the two last. 
To ascertain this, it is necessary to split up sodium fluoride into soda, 
and hydrofluoric acid, and then neutralise the former with hydrochloric 
aeid ; the magnitude in question is therefore merely the difference of 
.the heats of iieutmlisation of the two acids. 

Now the heat of neutralisation of hydrofluoric acid ia 162^7 K, 
id of hydrochloric acid 137*4 K; the diflerence is 25'3 K, so we 
Lve a-^p-(a -h ^')= - 25*3 K. On the other hand, w-hen 1 eq. of 
liydrochloric acid acts on 1 eq. of sodium fluoride there is observed a 
beaubsorption of - 23*6 K. Substituting these values, we obtain 

I this procesa therefore '933 of the etpivalent or 93"3 per cent of the 
hydrofluoric acid is liberated by the hydrochloric acid. 

We havOj in arriving at this result^ made the tacit assumption that 
too other alteration of energy takes place beyond that occasioned by 
'he double decomposition. Now this supposition is not always 
correet] the substances present often act in quite another direction 
also^ go that corresponding corrections must be applied. This is done 
Jjy determining the thermal value of the secondary reactions from 
^al experiments and deducting it from the difference A - A'. The 
fornmla is then 



I 



1= 



Many cases there is encountered the difficulty that q itself is a 
function of the value | to he determined. It is then simplest to 
<ialcidate the values A' and q for some arbitrary values of ^, which 
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4ire so to be choeeii that the real valae of | falls amongst them, 
so can be calculated with sufficient ticciiracy by interpolation. 

The cktermi nation of tlie heiit of neutralisiitiou is reiirlered more di 
if the ba^es to be investigate! I are insoluble- Since, however, the h: 
neutralisation themselves are n.ot required to determine the ratioa of 
tribution, but only their differeuceSj we caix avoid the direct detierrfiina'' 
by mmg the following theorem. 

The difference between the heats of neutralisation of twa 
acids Aj aud A^, with the eame baee B, is equal to the differeace 
between the thermal effectB of the action of Aj on the salt ijB 
and of A^, on the salt A^B. 

The theorem may be easily proved by meaua of the correspondijig 
enfirgy-equations. Let there be produced when A^^ acts on A,,E the qunntity 
^ of Ao and the same amoaut of A^B ; the corresponding thermal eflfecl 
haa the value *given by the etiuation 

Aj + A^B= (I ^ DAj + (1 - g)A.B + gAg + |A,B + Q,. 

lu the reverse action the same final state is reached, for the same cwn- 
pouenU are pre&ent in the same proportions: the energy- eiiaation il 
therefore 

A, -h A^B^^Ag + ^A,B + (1 - ^)A, + (1 - |)A,B + Q,. 
Subtractings we get 

Aj + A^B - Aj, - AjB = Qi - Q. . 

AgaiUj the heats of neutraHsation W| and are given by the equato 

A^-hB-A^B + Wi 
^j + B^AgB + Wg, 

Subtraction gives 

Ai-A,-A^B + A3B = Wi-W2, 
and by comparison with the above difference^ 

which was to be shown. 

The formula holds good whether there are secondary reactions or not, for 
these influence the right sides of the equation containing and 
exactly the same way, so that they disappear on subtraction. 

Thonisen has proved from special experiments on soluble bases thivt 
the differences determined directly are identical with those detemiin^ 
indirectly, Tliis result juatifiea the assumption made above that the aaiu* 
final state is reached in the two opposite reactions. 

A process in applicability equal to the calorimetric method, but 
much easier and more convenient in the performaticej is the volu- 
metric method based on the determination of the specific volunie^ 
The utilisation of the a|)eciflc gravity for the quantitative estimation of 
dissolved substances reaches back to antiquity, and to-day occupies ^u 
important place both in the arts and in science. It is therefore sur- 
prising that the application of this method to the determination of 
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the distribution of substances in homogeneous solutions was so long 
delayed. The first experiments were made by Tissier in 1859. 

Ostwald afterwards (1878) made numerous measurements by this 
method on the distribution of difi'erent bases between pairs of acids 
acting simultaneously. We shall content ourselves here with a general 
description of the method ; the results obtained will be given later. 

If d is the specific gravity of a liquid, then ^ is its specific volume, 

ie. the voliune occupied by unit weight. Multiplying this by the 
weight of the solution containing one gram-molecule of the substance 
considered, we obtain the molecular volume of the solution. If we 
bring together difi'erent solutions that can act chemically on each 
other, and so let the process take place, the molecular volume of the 
mixed solution is seen to be different from the sum of the volumes of 
the components. 

The alteration of the molecular volume on neutralisation is pro- 
portionally much greater and much more varied than is the case with 
the corresponding heats of neutralisation, so that the critical case, in 
which the method gives no result, occurs much less frequently than 
with the calorimetric method. The underlying principle, however, is 
in no way difi'erent, and the formula 

A-A^ 

still holds good, the separate letters having merely a correspondingly 
altered signification. P' - a and f3 - a are no longer the heats of 
neutralisation, but the changes of volume on neutralisation, while 
A - A' is the change of volume occasioned by the action of the one 
acid on the neutral salt of the other. If secondary actions take place, 
we get the corrected formula 

^ A - A^ - q 
^ a + /3-{a+ fSy 

q being the change of volume consequent on the secondary reactions. 

The actual carrying out of the experiments can easily be brought 
to a high degree of accuracy by the use of the Sprengel pyknometer. 
The procedure is the same as in ordinary determinations of density ; 
the temperature must be carefully kept constant, and if the pykno- 
meter be capable of containing 20-30 g., the error is only a few units 
in the fifth decimal place. The solutions, of course, must be of 
accurately determined strengths. Ostwald prepared them in such a 
manner, that one gram-equivalent of each acid or base was contained 
in a kilogram of the solution, whereby the conversion of the specific 
volume into the molecular volume was rendered very simple. Of 
course we can also prepare solutions corresponding to a given formula, 
as Thomsen does in his calorimetric experiments. 
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To take aii example— the spcMufic volume of a potasb solution, ooit 
l&itiitig KOH"56*l g. in r kilogram, was found equal to '950668; th&t 
of a coiTe9|ionding nitric acid solution equal to '960623 ; the molecular 
Tolumoa are 950'6€8, and 966*623 c. cm. After mixture of eiitial weights 
of ihe two solutif niSj the specific volume of the potassium nitote sohitioii 
obtained was -968669 ; the molecular volume (there heiiig now 2000 g, 
solution) is therefore 1937-338 c. cm,, while the sum of the molecular 
YolumeR of acid and base h only 1917-291, Conaequentlj on neutralisation 
there is an. expansion of 20*047 c cm. 

For the case of ineohible bases we have a theorem exactly the same 
as the corresponding therm ochemical principle, if we substitiite in tU 
latter " change of volunie ^' for " thermal eflect." The proof too is the 
same, for volumes may be added and subtracted just as quantities of 
energy. As fewer experiments are necessary here than in the direct 
det-ermiiiation of change of volume on neutralisation, we have reason 
to prefer this method in all cases. 

The same difference, finally, can be aicertained in still another way, ooe 
which has no analogue in thermochemiatrjj on account of our iniibihtjto 
determine the absolute values of quantitiea of energy. The theorem ii 
this — 

If we subtract the molecular volumes of the two acids from 
the molecular volumes of the two salts, the difference of tk 
remainders ia equal to the difference of the changes of volnffle 
on neutralisation. 

Let U3 denote tbe volumes of the salt solutions by (AjB) and (AgB), thoa 
of the acids by ( A^) and (A,>), and the unknown volume of the (actUiillj' of 
hypothetically) dissolved base by (B) ; then 

(A,E) = (A,) + (B) + W, 
(A,B) = (A,) + (B) + W2, 

where Wj and are the changes of volume on neutralisation, the volume 
of the salt-solution being evidently etiual to the sum of the volunies of tlie 
aeid and base plus the change of volume on neutralisation.* SubtraetEngp 
we get 

(A^B) - A, - {(A,B) ^ A,} = - W., 

whicli proves the theorem. 

Practiciilly this principle is of little use, for we must in addition det*!*- 
mine the volume of the mixed solution containing both acids^ and thua sa^e 
nothing. On the other hand, the relation is so far of importance that it 
allows us to judge if the composition of the solutions is accurate j f'^^ 
otherwise the differences determined by the two methods will not agree, 

To obtain an example of the apphcation of these two principles, we fihi^U 
consider the measurements on the relative affinity of nitric and sulpbtiric 
acids for eupric oxide. The following molecular volumes were found— 

* It is aasuinod that exactly as much water is contained in the solutian of 
salt as in the solutiona of the acid and base t^jgethEv. 
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2. CuSO^ 

3. (HNO,), 

6. CtlS04,(HN0s)a 



3847 M 
3840^3 
1933*2 

5780^8 
57SI-3 



m the equality of 5. and 6. it appears, firstly, that the solutions were of 
proper composition ; and secondly, that the final distribution ia the eame, 
dependent of the origiuul arraDgement, For the valaes of Qj and we 
pt ^uhtract 6. from the sum 2.4-3. sJid 6. from L +4., and consequently 
rtain — 7 % and = - 3 4 ; the diffei-ence is - = 1 1 2. According 
the second theorem this ought to be tlie same as (L - 3.) - (2- - 4.) : we 
ad for this 10*7— a sufficient approximation. 

k% secondary reactions we have that of sulphuric acid on the sulphate, 
hieh is considerable, and that of nitric acid on the nitrate^ which is very 
1 \ their sum is 1 '3,* We therefore have 

- 1-2 



irs 



= *59, 



I nitric acid decomposes copper sulphate m that per cent of the sulphuric 
ad is liberated, 41 per cent of the nitric acid remaining free. 

The vohimetric method can easily he extended to higher and lower 
liDperatures, an extension attended by considerable difficulty in the case 
i the calorimetriG method. We have only to determine the exiiansion 
heat of the liquids whose volumes are to he compared, in order to 
i^uire the material necessary for calculating the distrlbntion of the 
»se "between the acids for every other temperature. For details of 
ich expansion experiments the original memoirs must he consulted 
[t should only be mentioned that it is convenient to refer the observa- 
aons to a few definite temperatures, either by maintaining these 
constant with the help of a thermostat, or by making observations in 
heir immediate neighbourhood, both above and below, and then 
iiterpolating for the temperatures required. By this mode of pro- 
feeding we save the laborious ca!cnlation of interpolation -formulae, 
hftich^ quite apart from the waste of time involved, always diminish 
lie accuracy of the results. Ost^vald (1877) has given an example of 
tis process, the special results of which will be discussed at another 
'lace. The accuracy of these experiments is the same as that of 
hmij determinations with a Sprengel pyknometer, the error being a 
units in the fifth decimal place. 

We learned in Part L that the specific refractive power 

p'heTe n is the index of refraction and d the density) is almost entirely 
fipendent on the chemical nature of a substance, and not on the 
strangement of its components. Now, as it has just been shown that 

* The separate numh^rs for the secondary reactions aod the details of the approxi- 
ite calculation are omitted, in oi*der to save space* 
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the density of fiolutians can be applied to determine the distributioa 
within them, it follows that the refractive index miuus 1, wliicli k 
proportional to the density, must be equally applicable* 

This method of physical analysis was actually employed bj 
Steinheil, and can be very well applied to the distribution of a Ijase 
between two acids, the results obtaineil showing, as was to be expected, 
exactly similar relations to those observed with change of volume. 

With regard to the mode of measurement, such determinations 
may he made with great accuracy by the use of the spectrometer ; tb 
chief difficulty is to maintain a constant temperature. The calculation 
of the experiments may be performed so that the observTd refractive 
indices minus that of water are considered variable ; on neutraM- 
tion, for example, the sum of these differences for the acid and base ii 
compared to double the difference for the resulting salt- solution, it 
ia simpler, however, to perform the calculation with the refractive 
indices themselvesj the result being the same. It is true that so long 
as we consider the refractive index to be the ratio of two sines such n 
calculation is meaningless j but if we consider it as the nuinencal 
vahie of the time required by light to pass through a given distance 
in the liqtiid under investigation, the corresponding time for a vacniim 
(or normal air) being 1, then the addition of the indices has a reason- 
able meaning ; for we compare the time the light requires to pass 
through the solutions of the acid and base in snccessiouj with ibe 
time occupied when the acid and base are no longer separate bat 
chemically united. 

This view, based on the passage of light thrcrugh equal spaces, 
requires that equivalent quantities of the different substances shall b* 
present In equal vobimes of the solutions, wliich must therefore be 
prepared as in chemical vohmietric analysis. With solutions containing 
equivalents in equal weights it would he better to use the reciprocjils 
of the refractive indices. 

As an example we may take the neutrcdisation of potash with iiittic: 
acid. Tlie refractive index of nornial potash solution ia 1 "34357, of nonial 
nitric acid 1-34076. On mixing them in equal volmaeiS, we obtain * 
potassium nitrate solution whose refractive index is 1 "33768. Thus ^ 
have — 

Potash =1-34357 
Nitric acid = 1^4076 

F68433 

Potassium nitrate?, 1 '3 37 66 x 2 = 2-67536 
Diflerenae== ^00B97 
The number '00897 is quite as chamcteriatic of the combination of nitti*^ 
acid with potash as the heat of neutralisation or the change of volmae, sn^ 
if different values are found for two acids, the distribution of a base hetMreen 
them may be ascertained just as before, the formulee remaining exactly tte 
same. 
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The optical method has the advantage over the volumetric method that it 
a be used with very small quantities of substance ; a few cubic centimetres 
e enough for a determination. On the other hand, it is less exact, for 
though the refractive indices themselves can be determined with extreme 
icuracy, yet their variations, with which alone we have to deal, are so 
nail that the error of experiment with a spectrometer accurate to ± 5" is 
till some five times greater than the error of the volumetric method. 

Another means of utilising light for physical analysis is oflfered by 
)hotometry. The method is founded on the principle that the 
umount of light absorbed from a ray passing through any medium is a 
[unction of the thickness, or also of the density, of the latter. Imagine 
et quantity of light 1^ sent into the medium, then, according to the laws 
of photometry, a definite fraction a is absorbed by a very thin layer. 
The remainder loses in the next equal layer the same fraction of its 
amount, and so on. We have consequently the following series : — 



Layer. 


Absorbed. 






Transmitted. 




0—1 


alo 






(l-a)Io 




1—2 


(l-a)alo 


(1 


-a)Io- 


-(l-a)aIo = (l- 




2—3 


(l-a)2aIo 


(1 


-aflo 


-(l-a)2aIo = (l 




3—4 


(1 - a)3aIo 


(1 




-a-a)»aIo = (l 





etc. 

The light, I, transmitted through n layers is thus (1 - a)^!^. Let 
118 assume the sum of the n layers to be equal to unit length (1 cm.), 

li = (l - a) 1q 
logli = loglo - a, 

where log (1 - a)^ has been made equal to - a.* 

The intensity of the light which has passed through 2n layers 
(2 cm.) is according to the formula 

logl2 = loglo - 2a, 
and in general for the intensity of the light transmitted through a 
layer of m centimetres we have 

login, = loglo - ma, 

whence l/i t i t \ 

m = 7(loglo - logI„). 

Thus, if we know the coefficient of absorption, a, we can determine 
^he thickness, m. 

This result seems at first sight very useless, as we can measure the 
thickness much more conveniently otherwise. But we have already 
said that it is possible to determine the density or concentration in 
the same way as the thickness. It has been proved by experiment 

* 1 - a being always less than unity, the logarithm of (1 - a)» must always bo 
* ',ve. 
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that a layer ID cm* thick of a I per cent solution of an absorbent stih- 
stance prodiicos tbo same amount of absorption as a 5 cm. layer of » 
2 per cent solution, a 2 cm. layer of a 5 per cent solution, etc. If we 
there Tore investigate layers 1 cm. tluck, but containing ditFerent 

amounts of substance^ the expression m - -^(logl^, - logl^,) ia proportional 

to the concentration, so that the equation affords us the means of 
culating the concentration from the intensities of the incident and 
transmitted light. 

The measurement of the intensity is made by means of a photo- 
meter, which must enable ns to inYestigate light of one wave-length, 
&s the above consi<ierations apply only to homogeneous light. 

Vierordt's apparatus is an ordinary spectroscope of somewhat large 
calibre, with the slit of the collimator so far altered that the moYabla 
edge is divided into two, each half having independent motion from a 
micrometer screw. The spectrum is thus split up into two contiguous 
ajid parallel portions, whose intensities can be independently varied at 
will. If there is brought before one -half of the slit an abaorknt 
substance, E.g. a plate of coloured glass, the absorption spectrum vfeU 
appear above or below the unchanged spectrum. If we now, by means 
of two slides in the ocular part of the telescope, obscure the spectrum 
all but a definite band, we can by widening or narrowing one-half of 
the slit make the intensities above and below equal. The intcnsitia 
of the incident and transmitted light are then inversely as the hreadtli 
of the slits. 

When the half -slit is widened from one side only, as is usual in 
spectroscopes, the tint of the spectral field is altered, and the com- 
parison of the intensities of the two portions thus rendered difficult 
Kriiss has sought to do aivay with this by widening the slit symmetric- 
ally on both sides ; wlnle Glan and Hiifner prefer to reduce the 
intensity by a poki'ising ai-rangement instead of by altering the slit 
Vierordt himself obviated this difficulty by using smoked glass 
to attain approximate equality, afterwards to be made complete by 
small adjustments of the breadth of the slit 

The measurement of the rotation of the plane of polarisation was 
first upplied by Gladstone to problems of chemical equilibriiiHt 
Quantitative determinations leading to very exact results were m^^ 
by Jellett on the union of acids ^vith alkaloids. The process rests on 
the same foundation as the other physical methods. The natural 
alkaloids are almost all optically active, and to diflerent degrees when 
in their salts than when free. Let a and a be the rotation for two 
free alkaloidsj f3 and that of their salts with the same acid; we 
have again the equation . . , 

^"o + i8-(a'+/3') 

It need scarcely be mentioned that the angle of rotation refers to 
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^c^inyalent quantities, to columns of the soiutious of such length as 
to contain quantities of the substances proportional to their formulBe, 

In contrast to the heat of neutralisation, and to the changes of volume 
and of the index of refraction, the dii-ect or indirect application of all which 
U verj general, the photomtitric inethocl and that hmeti on the rotation of the 
pkne of polarisation are only applicabk to a limited number of auhatancea. 
StiU more limited in its use — being practically available for one base only — 
is the magnetic method, studied almost exclusively by Gustav Wiedemann. 

Colloidal ferric oxide, prepared by dialyaia of a salt of iron, or by solution 
uf the hydrate in a ferric salt (when of course it is mixed with the latter), is 
not so etrongly niagnetie as it is when combined with an acid. If the 
aua^eti^m of the latter is made equal to lOOj then the colloidal oxide has 
according to the earlier measurements a magnetic power of 22* Later 
experiments give 16-S and 15 '7, Wiedemann adopting Iti'O as the correct 
Tjumber, 

If now for any iron solution, the value of the niagnetiam is found to be m 
for unit weight, that of fully combined oxide being 1 00, then 

m- 100(1 ^x) + 16 X, 
There x h the quantity of colloidal oxide. Transforming, we have 

100 ^m 

X -- 



l^iat 



34 



at by determining the magnetism of unit weight we can learn the pro- 
|wrtion of ferric oxide fiee in the solution. 

This portion vanishes when a great excess of acid is pr^jsent If, on the 
fithcr hand, tht* acid and the oxide are in approximately equivalent propor- 
tions, then, through the chemical action of the water, a part of the acid is split 
off, which increases with the amount of water present. Thus in difierent 
Klutions of ferric chloride containing the quantities of iron in 10 c. cm. 
^dttioted by f, the foil owing proportions, x, of colloidal oxide were found \ — 




f 


X 


f 


X 


1"606 


■014 




"032 


1-207 


■012 


rii9 


'043 


'806 


^025 


-747 


■056 


•404 


■0^2 


'37 S 


083 


■202 


•036 


■184 


'007 


'138 


■092 


'129 


117 


•071 


'112 


-062 


■141 



The solutions of table I, contained -7 per cent, of table II, 3-1 per cent too 
little chlorine for the formula FeCl^, Thus in 11. the decomposition goes 
Somewhat further. 

If alcohol be used as diluent instead of water^ no decomposition occurs, 
even on great dilution, so that we hiive eviilently here to deal with a pro- 
Jiuunced action of mass on the part of the water. 

Ferric nitrate and sulphate are still more decomposed by water, especially 
the latter. 

With increase of temperature the decomposed portion also increases. 
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Due ncooniit hemg Uken of the iixHiience of temperature on the iuteimiy 
llie nijignetiim tt^lf, it was found that in a concenlrated solution of 
cliloride, the action of heat was almost nil, w*hile the nitrate and eul" 
jshoweil considerabTe decfiinimilion* 

The ordinary methods of cliemical analysis may in all 
applied to the complete ascertainment of states of equilibrium 
tbase are heterogeneous; for if we set out from a kaowii " 
etat6, the final state is determined if we can estimate the 
of one of the reacting bodies in itj and this may always be d 
heterogeneous aystems by mechanical separation of the diffe 
portions, which are then separately analysed. 

The reader may convince himself that such is actually the case bf 
considering the examples of heterogeneous equilibrium given on pp.. 
299-303 from this point of view. Whether w^e are dealing with 
change of state of aggregatioUj with solutions, allotropic modificationai 
the action of acids on insoluble salts, the decomposition of wate^ 
vapour by iron, or of barium carbonate b}^ potassium sulphate — ^tbfi 
quantities necessary for the complete specification of the state d 
equilibrium can always be determined either immediately by the 
oniinary methods of gravimetric or volumetric analysis, or by analytici! 
devices of a more or less simple character. The chemical metliods far 
the determination of the quantities of the substances present m 
equilibrium need not therefore be specially discussed. 

It should be mentioned that chemical methods are applicable even in 
certain cases of homogeneous eipiilibriiim— when, namely, the possible prt>ces8a 
take place so slowly that the analytical operation can he performed m a 
time in the course of which the state investigated does not sensibly alter. 
Berth elot and Poan de St, Gillea, for example, availed themselves of this 
circunistsmcc in their research on esterifi cation, by estimating the free acid 
remaining after equilibrium had been reached, by titration with bflrjt* 
solution and litmus. Based on the same assumption, in this c&&e somewhat 
doubtful, there are experinienta by Krecke (1871) who determined the 
quantities of colloidal ferric oxide separated under definite conditions from 
dilute eolntiona by first precipitating it iu the gelatinous form I37 the 
addition of a solution of eomtnon salt, Ostwald in his rese^irches on the 
velocity of chemical reactions worked under similar conditions, as wiU be 
seen later. 



CHAPTER II 



THE AFFINITY BETWEEN ACIDS AND BASES 

)NG the countless chemical processes, a knowledge of which is of 
ortance for both theory and practice, the phenomenon of neutralisa- 
occupies a prominent position. The general similarity of the 
;ess, though performed with the most diverse acids and bases, 
)les us to institute a comparative study in an uncommonly wide 
I. The investigation of the actions occurring on the formation and 
ble decomposition of salts marked very early an important scientific 
mce, for with them Richter discovered the first chemical laws of 
8. A similar part has also been reserved to them in respect of the 
5 of chemical energy. 

When an acid acts on a salt, it partially expels the acid of the 
sr, and unites with the base " in proportion to its quantity and its 
lity." If equivalent quantities be taken, the distribution-ratio of 
base is a measure of the affinity. 

This mode of measuring the affinity was tried by Julius Thomsen 
arly as 1854, but it was only in 1868 that he began the systematic 
)stigation of a domain at all extensive. The particulars of such 
eriments have already been given (p. 327), so that it will now be 
icient after a few supplementary remarks to state the results 
lined. 

In the experiments one acid was allowed to act on an equivalent 
ntity of the sodium salt of another acid. We have then in the 
eral equation for equilibrium of p. 298, p = q=l and p' = q' = 0, 



^ 1 - ^ is the portion of the neutral salt which has remained 
lecomposed, and therefore also the part of the base retained by the 
?inal acid, while ^ is the decomposed portion of the salt, and also 



'hat 




part of the base united to the new acid. The ratio 



i-i . 



IS 



z 



338 



OUTLINES OF GENERAL CHEMISTRY 



BOOK ZI 



consequently a measure of the relative chemical affinity of the two 
acids. Thomsen, who imagined that the thermal effect measured the 
affinity, introduced instead of this the new designation avidity. 
This is so far unnecessary as there is no apparent relation between the 
thermal eflFefct and the ratio of distribution. Sulphuric acid, for example^ 
which has a much greater heat of neutralisation than nitric acid, ii 
expelled from its sodium salt by the latter to the extent of two-thirds, 
so that, contrary to the traditional opinion, nitric acid, and also hydro- 
chloric acid, must be regarded as "stronger" than sulphuric acid. 

The proper measure of the chemical activity of the acids is realty 
the specific velocity of reaction c. From the experiments just described 
we cannot directly obtain this, but only the ratio it bears to other 



similar coefficients. According to the formula, the ratio 




equal to -, the ratio of the coefficients of velocity, i.e. the ratio of 

the coefficients of velocity is equal to the square of the 
ratio of the avidities. 

The following table contains a collection of the avidities or 
relative affinities calculated by Thomsen from his own experiments. 
The numbers are all referred to hydrochloric acid as unit, and are for 
one equivalent of each of the various acids acting against one equivalent 
of soda. They are only approximate values, as Thomsen himself is 
careful to emphasise. 

Acid. Avidity. Heat of Neutralisation. 



Hydrocliloric 


1-00 


137 K 






> 137 „ 


Hydrobromic 


•89 


138 „ 




•70 


137,, 






157,, 




•45 


152,, 




•36 


139 „ 






148,, 






141 „ 




•09 


143 „ 




•05 


163 „ 




•05 


127,, 




•05 


130 „ 


Acetic ..... 


•03 


134,, 


Boric (H3BO3) 


•01 


100 „ 






52 „ 


Hydrocyanic 


•00 


28 „ 



The numbers have the following meaning. If, for example, one 
equivalent of sulphuric acid acts on one equivalent of sodium mono- 
chloracetate, then the soda distributes itself between the two acids in 

* For one molecule H3PO4 . 
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e ratio 49 : 09. From -=.7^0 

follows that ^='155, ie, the monochloracetic acid retains 15'5 per 
ant of the soda, while the sulphuric acid secures the remaining 
»4*5 per cent. 

The heats of neutralisation have been noted alongside. A very 
ilight consideration serves to show that they have nothing at all to 
io wit^ the avidities. The greatest heats of neutralisation are 
possessed by hydrofluoric, sulphuric, selenic, orthophosphoric, and the 
like acids, all of which are weaker, many of them much weaker, than 
hydrochloric and nitric acids. 

Daily experience in the laboratory teaches us that the aflfinity of 
acids for bases is of such a nature as to appear a specific property of 
the acids. When we say that carbonic acid is a weak acid and 
sulphuric acid a strong one, we do not thereby mean that this is 
80 with respect to this or the other base, but that it is so in general. 
Here there lies the fundamental assumption that the reciprocal 
affinity between an acid and a base depends on something peculiar 
to the acid and something else peculiar to the base. Acetic acid, 
for instance, is more feebly united to all bases than sulphuric acid, 
no matter whether we compare the salts of the powerful base potash 
or of the weak base alumina. 

Thomson was the first to propound the question, whether the base 
tad any influence on the relative afl&nity or not ; and gave his decision 
tbat it had. In his experiments he employed sulphuric and hydro- 
chloric acids, on which he acted with the following bases : — potash, 
ammonia, magnesia; manganous, ferrous, zinc, cobalt, nickel, and cupric 
oxides. As most of these bases are insoluble in water, he did not 
determine their heat of neutralisation directly, but applied the theorem 
(p. 328) that the diff"erence of the heats of neutralisation of two acids 
equal to the diff'erence of the heats of reaction between each acid 
and the neutral salt of the other. 

The experiments performed by Thomson consisted therefore of 
Measurements of the heat of reaction of hydrochloric acid on the 
sulphates (Qi), and of sulphuric acid on the chlorides (Qg). For all 
^ases there was a secondary reaction between the sulphate and the 
^ree sulphuric acid, just as we saw to be the case with soda. Thomson 
lid not make a similar extensive series of measurements on the action 
the sulphuric acid on each sulphate, but determined the heat of 
■ eaction for equivalent quantities, and assumed the heat of reaction 
.as a function of the quantity of sulphuric acid) to be proportional to 
'he heat measured in the case of sodium sulphate. The calculation is 
Hade according to the formula on p. 328. 

His results are contained in the following table. In the first 
iolumn we have the symbols of the metals, next comes the decom- 
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l)08ed quantity ^ of the sulphate, and then the relative affinity (or 

avidity) ^. The last column contains the thermal effect of the 

reaction between equivalent quantities of the sulphates and sulphuric 
acid, a magnitude which we shall require later. 







1-^ 






1 


qi 


Na-j 


•666 


•50 


-18-7 K 


K, 


•636 


•57 


-16 -5 „ 


Am 2 


•640 


•56 


-14-1 


Mg 


•590 


•69 


-10*8 „ 


Mn 


•586 


•70 


- 9^0 „ 


Fe 


•573 


•74 


- 9-0 „ 


Zn 


•577 


•73 


- 8^8 „ 


Co 


•566 


•76 


- 8^3 „ 


Ni 


•563 


•78 


- 7-9 „ 


Cii 


•553 


•81 


- 6^8 „ 



We see that the decomposed quantity ^ of sulphate is not tk 
same for the different salts, but decreases pretty regularly, so that 
the relative affinity of sulphuric acid with respect to hydrochloric 
acid is not constant, but depends upon the base ; it is largest for 
copper and smallest for sodium. Thomsen is of opinion that it may 
be considered constant for the alkalies, on the one hand, and for the 
bases of the magnesia group, on the other ; however, the difference 
between Mg and Cu is '12, as great as the difference between Kg and 
Mg, so that it is better to assume that the values vary continuously. 

Thomsen had confined his experiments to hydrochloric and sul- 
phuric acids. Now as the behaviour of the latter is more complicated 
than was at first supposed, the results could give no final decision as 
to whether the nature of the base had any influence on the affinity 
of acids for them or not. 

For this reason Ostwald (1877) repeated the measurements volu- 
metrically and extended them by adding a series for nitric acid. His 
results were as follows : — 

Relative Affinities of Acids. 





Nitric 


Hydrochloric 


Hydrochloric 




Sulphuric 


Sulphuric 


Nitric 


Potash 




•659 , 


1- 94 

2- 00~"^' 


Soda 






2^- 


Aiuiuonia 






1-88- 


Magnesia 




•365 '* 


1-76 


Zinc oxide 


•383-^^1 


■605 , .„ 


1-61 


Cupric oxide 


•^ = l-44 
•409 




1:15= -97 

1-44 
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umbers in the table give the ratio in which one equivalent 
3 is distributed between equivalents of the two acids. The 
columns are deduced directly from experiment, the third is 
int of the second by the first, for the critical case in which 
d gives no result occurs with hydrochloric and nitric acids, 
ponding to Thomsen's experiments the two first columns are 
On the other hand, the relative affinity of hydro- 
nd nitric acids is independent of the base and remains 

case of the experiments with sulphuric acid there is, besides the 
he acid on the base, a secondary action on the neutral sulphate 
hich to a certain extent obscures the former. If we compare the 
presenting the secondary action for the various salts, we see the 

as in the foregoing table, the action being greatest with potash, 
lupric oxide. Consequently the action on the base is the more 
writh, the greater the action is on the neutral salt, and thus, 

is not proved, it is at least rendered probable, that the affinity of 
cid also for the base is independent of the nature of the latter. 
;his result important conclusions may be drawn, but before we 

these we shall look at some further measurements which place 
urely on a broader basis, 

I in 1878 investigated a large number of acids with respect to 
re affinity for potash, soda, and ammonia. To this end he used 
trie method, and also took advantage of the help oflfered by the in- 
fraction. For details of the experiments the original papers must 
i ; merely the final results are given here in tabular form. 



Ratios of Distribution. 



Acids. 


Potash. 


Soda. 


Ammonia. 


Mean. 


: dichloracetic . 


77 


77 


75 


76 


3hloric : dichloracetic 


74 


75 


73 


74 


)racetic : dichloracetic 


no 

I 73 


r7i 

171 


no 

I 72 


71 


: dichloracetic . 


8 


9 


11 


9 


)racetic : monochloracetic . 


92 


92 


92 


92 


)racetic : formic . 


97 


96 


97 


97 


: formic .... 


43 


46 


48 


46 


: fonnic .... 


25 


23 


23 


24 


c : formic .... 


21 


21 


19 


20 


^ric : formic 


19 


19 


18 


19 


: butyric 


54 


52 


53 


53 


: isobutyric 


56 


51 


53 


53 


! : propionic 


78 


80 


79 


79 


; : glycollic 


43 


44 


45 


44 



lent of the first-named acid acted on one equivalent of the neutral 
; second : the mimbers give the amount per. cent of the base 
Dy the first acid from the salt. 

compare the ratios obtained for potash, soda, and ammonia, we 
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always find them agreeing within the error of observation. The deviatioM 
are quite irregularly distributed, and the conclusion drawn for hydrochloric 
and nitric acids — that the relative affinity is independent of the nature of 
the base — is confirmed for all the monobasic acids here investigated. The 
observed numbers have therefore been employed to give a mean value in 
each case. 

A further confirmation of the principle and of the above numbers was 
afforded by the optical investigations. In this case, however, the determina- 
tion of the ratios is much less certain owing to the greater experimental 
error. 

We can now use the principle, without any further hypothetical 
assumption, for the deduction of a second principle of equal scope. If 
we write the absolute affinity of an acid A for a base B as f (A B), 
a function of both, then the principle is expressed by the equation 

f(A,B)_j(A,F) 
f(A',B)-f(A',B') 

where A and A' are two acids, B and B' two bases. Exchanging the 
means we have 

f(A,B)_ f(A-,B) 
f(A,B') f(A',B')- 

This signifies that the relative affinity of the bases is inde- 
pendent of the nature of the acid. Although not yet put to 
the test of experiment, this principle is as certain as the first one. 

The above relations are only possible on condition that each 
function f (A, B) can be resolved into two factors p{A) and <^(B), of 
which one depends on A alone, the other on B alone — 

f(A,B) = p(A).<^B). 
The affinity between an acid and a base is the product of two specific 
coefficients of affinity, one belonging to the acid, the other to the 
base. 

In this way we arrive at a general representation of the affinities 
which come into play on neutralisation. If we have determined the 
relative affinities of the various acids for one base, and of the various 
bases for one acid, a base B and an acid A being arbitrarily chosen as 
standards, then the values of the affinities may be tabulated as 
follows : — 

p{A) p{A') p{A") p(A"') 
4>{li) .... 
<^(B') .... 
.^(B") .... 
<^(B"') .... 

In this table, the affinity of any base for any acid is obtained by 
multiplying the first terms of the row and column corresponding. ^ 
point of difference from the tables of similar appearance that we have 
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ften employed lies in the ratios of the rows or columns being here 
onstant, and not their differences. 

The calculation of the numbers given above leads to the following 

ulues of ^ , with respect to nitric acid as unity : — 



Acid. 


Ostwald. 


Thomsen. 


Nitric 


1-00 


1-00 


Hydrochloric 


•98 


1-00 


Trichloracetic 


•80 


•36 


Dichloracetic 


•33 




Monochloracetic 


•070 


•09 


Glycollic . 


•050 




Formic . . 


•039 




Lactic 


•033 




Acetic 


•0123 


•03 


Propionic . 


•0104 




Butyric . 


•0098 




Isobutyric 


•0092 




Tartaric . 


•052 


•05 


Malic 


•00282 




Succinic . 


•00145 





Thomsen's avidities have been added in a separate column. The two 
series agree as far as order of magnitude is concerned; with regard to 
the numerical diflferences, the much greater uncertainty of the thermo- 
chemical experiments must be taken into consideration. Thomsen's value 
for trichloracetic acid has doubtless been displaced so far through some 
slip ; we shall see below a number of other experiments on its aflfinity, all of 
which confirm the number •80. It should be remarked, however, that these 
values for the relative afl&nity are by no means to be considered final. 
Although the order of succession is not likely to experience any change, still 
the numbers are aflfected by many collateral circumstances, which all go to 
render the numerical values somewhat uncertain. 

Many salts insoluble in water are dissolved by dilute acids when 
these can form soluble salts with the bases. It scarcely needs mention 
that this apparent solution has its origin in a decomposition ; calcium 
oxalate dissolves in hydrochloric acid because the latter converts it 
into oxalic acid and calcium chloride, both of which are soluble in 
^ater. The phenomena here observed are in many ways analogous to 
those of pure solution, say of a salt in water, and specially in so far as 
there is for every acid a state of saturation uninfluenced by an excess 
of the solid substance. The solubility increases with increase of 
l^mperature. On the other hand, the chemical character of the process 
is shown in the circumstance that addition to the solvent of one of 
the products of decomposition (calcium chloride or oxalic acid in the 
above example) diminishes the solubility (cf. p. 302). 

This process may be successfully employed to determine the 
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coefficients of affinity of the acids in virtue of the following con- 
siderations. 

If an acid of active mass p acts on an insohible salt, a portion ^ of 
the latter will be decomposed. The active mass of the acid will 
therefore be diminished to p - ^, and the two products of the 
decomposition will each have the active mass ^; h may be put as 
the constant active mass of the solid. The equation for equilibrium 
is therefore (p. 302) 

c(p-^)h = c'^2, 

whence = , ^ - - and ^ /l = , ^ I 

c^ (p-$)h Vc' N/(p-^)h ' 

The coefficients of velocity c and c measure the action of the acids on 
the base, c corresponding to the free acid, c to the acid in the 
insoluble salt Now it has been already shown that the " avidity " 
of two acids for the same base is equal to the square root of the ratio 
of the corresponding velocities of reaction. As the nature of the base 
has no influence on the relative affinities (p. 341), the above expression 

_ = — ^ gives the relative affinity of the two acids at once. 

In this equation the coefficient h of the action of the solid is still 
unknown. If we make a similar experiment, however, with another 
acid, we obtain a new equation 

-A__ 

which, being divided into the first one, gives us 

On the right-hand side everything is now known, and so we find 
from the expression the relative affinity of the two solvent acids. 
By repeating the experiment with other acids we obtain their relative 
affinity similarly in terms of an arbitrary unit. 

The first experiments according to this method were made with zinc 
sulphide. The acids to be investigated were brought into contact with a 
sufficient quantity of liydrated zinc sulphide at the ordinary temperature, 
the mixture being shaken for twenty-four hours by means of a small machine 
for the purpose. The quantity of zinc sulphide which had passed into solu- 
tion w^as determined by estimating the sulphuretted hydrogen liberated, by 
means of a very weak standard solution of iodine. 

The following tables give the dissolved quantities of zinc sulphide in 
terms of the total quantities w^liicli would have been in solution had tlie 
decomposition been complete. The acids were at different stages of dilution, 
the number of litres containing one gram-molecule being given in the first 
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-thus 4 1. for hydrochloric acid denotes a solution in which 36*46 g. of 
1 chloride are contained in 4 litres of water. 

Hydrochloric Acid. 



Dilution. $ ,1— 

1 1. -0411 -0420 

2 1. -0190 -0387 
4 1. -00863 -0351 
8 1. -00396 -0322 

Sulphuric Acid. 

Dilution. f 

2 1. -0238 -0241 

4 1. -01185 -0240 

8 1. -00600 -0-243 

16 1. -00301 -0244 



normal solution, p has been made equal to 1 ; for the others it 
[uently ^, J^, and |. 

ng the quotients of the corresponding members of the last columns 
vo tables, we see that the relative affinity, sulphuric acid : hydro- 
acid, is -574, -621, -693, and '758 ; it therefore varies with the 
The volumetric experiments were for a dilution of about 3 1., and 
the relative affinity with respect to zinc -65, the mean of the 
)r 2 L and 4 1. being here -657 — almost the same as it happens. The 
the relative affinity of the sulphuric acid increases with the dilution 
same probable cause as its variation with the nature of the base — 
he formation of acid salts (p. 340), which has progressively decom- 
th increasing quantities of water. 

this is so can be shown (and approximate measurements made) by the 
)efore us. Equivalent quantities of neutral sulphates and free sulphuric 
i brought together in aqueous solution and treated with zinc sulphide. 



table gives 


the values of 




obtained in this 


way :_ 


H2SO4 


+K28O4 


+Xa2S04 


+(NH4)2S04 


+MgS04 


•0241 


-0156 


•0168 


•0171 


•0196 


•0240 


•0174 


•0186 


•0187 


•0207 


•0243 


•0187 


•0197 


•0208 


•0218 


-0244 


•0191 


•0198 


•0219 


•0225 



from these numbers that the action of the free sulphuric acid is 
i by the addition of sulphates, more by potassium than by magnesium 
, and more at less than at greater dilutions. The order of succession 
the same as in the volumetric experiments (p. 340). 
Uy, it may be mentioned that when two acids act together on zinc 
the quantity of hydrogen sulphide formed is the sum of the 
s which would be liberated by the acids separately. With a mixture 
iric and hydrochloric acids the numbers obtained were as follows : — 
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;old on passage from normal to decinormal solutions. The regularities 
bare observed will be discussed in greater detail in the sequel. 

Other insoluble salts behave like calcium oxalate. Zinc oxalate and 
"barium chromate have been investigated, and yield results similar to the 
above. Recently, too, experiments have been conducted with potassium 
liydn^n tartrate and with the sulphates of barium, strontium, and calcium ; 
all these have given much the same values. Isolated small deviations still 
xemain to be explained. They are not sufficiently important to render the 
Tmlis doubtful, but, on the other hand, they are of importance as leading us 
to the recognition of secondary actions, which are present under all circum- 
stances, but have not been considered in the general construction of the 
theory. 



CHAPTER III 



SPECIFIC COEFFICIENTS OF AFFINITY 

The property possessed by acids of acting in proportion to a definite 
coefficient is not confined to salt-formation. There are numerous other 
reactions conditioned by acids as such, and in all of these the same 
coefficients of activity belonging to the acids regulate the action. 

The first case to be investigated in this respect has still some slight 
connection with the affinities appearing in the phenomenon of neutralisar 
tion. An aqueous solution of acetamide is converted by the influence 
of acids into ammonium acetate, the elements of water being taken up; 
and the acetate being further changed by the acid, if it is strong, into 
the corresponding ammonium salt and free acetic acid. 

The primary process thus takes place between acetamide and 
water — 

OH3. CONH2 + H2O = CH3. COONH4, 

the acid having a "predisposing" action, as the conversion by water 
alone takes place with extreme slowness. The explanation of such 
" predisposing " affinities ofiers no difficulty from the point of view of 
the molecular theory. In the case in question we have to imagine 
that the molecules of acetamide in the aqueous solution are more or less 
loosened by their continuous movements. At a definite degree of 
loosening, the chemical affinity of the components of the acetamide 
(CH3CO and NH2) for the components of water (OH and H) is great 
enough to allow the transformation to take place. If at the same time 
a substance is present which has a strong affinity for one of the pro- 
ducts of decomposition, attracting it therefore with considerable force, 
a less degree of internal loosening in the acetamide molecules will 
suffice to enable the more powerful separative forces to prevail, than 
when water alone is acting. The acceleration of the action will also 
be the more con&iderable, the greater the affinity between ammonia and 
the acid, i.e. the stronger the latter proves in the sense already 
indicated. 

The investigation of the difi'erences in the action of the various 
acids does not now conduct as in the former cases to different con- 
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ions of equilibrium, but to diflferent velocities of reaction. 
B relation between the two has already been stated: — ^in a reaction 
the second order the coefficients of distribution are as 
e square roots of the coefficients of velocity. This pro- 
sition was, it is true,- deduced in the first instance for one and the 
ne process, but it may be extended as above by reason of the 
ipirically discovered property of the coefficients of distribution of 
ids with respect to bases, that they are the products of two coefficients, 
e depending only on the base, the other only on the acid (p. 342). 
The coefficient of distribution for the action of two acids and 

I the same base B is of the form k = ^^'^'v^^^v = ^tt4- Now this is 

<^(Aa)^(B) <;>(A,) 

[ual to the square root of the ratio of the two velocities of reaction. 

The coefficients of velocity for the action of acids on any base are 
lus proportional to the squares of the coefficients of distribution or 
Jlative affinities. As has been mentioned, the proposition can be 
mpirically extended so as to include the coefficients of velocity of all 
3actions brought about by acids as such. By measurement of any 
rocess of this sort we shall therefore, in like manner, arrive at a 
etermination of the strength of acids. 

The transformation of acetamide occurs in dilute solution even at 
lie ordinary temperature when acids are present, but so slowly that 
)ng periods are requisite for an exact study of the process. At 65° 
lie reaction proceeds at a convenient rate, so at that temperature 
lost of the experiments have been conducted. 

Since the decomposition of acetamide by acids is a reaction of the second 
i^er, corresponding, e.g., to the equation 

CH3 . CONH2 + HgO + HCl = NH4CI + CH3 . COOH, 

luivalent quantities of acetamide and acid disappearing,* the velocity- 
luation that applies is the one developed on p. 295, viz. 

Ac^, 

A-x 

here is the time, equivalent quantities of the two components being 
ways taken. In individual cases there is a fair agreement between the 
eoretical course of the reaction and actual experiment, but this agree- 
ent is by no means general, as the process is not free from secondary re- 
tions. In particular, the neutral salt which is gradually formed, acts in a 
aracteristic manner by intensifying the action of acids of the type of 
^drochloric or nitric acid in proportion to its quantity. It appears from 

* The acetic acid simultaneously produced is almost without influence on the 
ocess. 
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researches to be spoken of later, that weak acids, on the other hand, are still 
further weakened by their neutral salts, the influence being greater the 
weaker the acids are. Consequently in experiments with strong adds the 
coefficient of velocity will not remain constant during the reaction, bnt 
increase with the time expired from the commencement ; with weak acids it 
will decrease ; and only with acids of moderate strength (trichloracetic acid) 
will the action of the salt be so small that the process of transformation will 
take place according to the simple assumption of a constant coefl&cientof 
velocity. 

In the first place, in order to institute a comparison of the different 
values free from arbitrary selection, the time is calculated in which 
the reaction has run exactly half its course. For this we have 

On account of the secondary reactions alluded to above, the reciprocals 
of the times taken for half-completion of the transformation do not give the 
true velocities of reaction. These can only be ascertained by the employment 
of correspondingly complicated equations, and the determination of the 
new coefficients appearing in them. Since, however, the relative affinities 
obtained from the distribution of a base between two acids and from the 
decomposition of insoluble salts are influenced in the same way by 
quite similar collateral circumstances, one ought to expect, if not identity, 
at least some analogy between the corresponding series of numerical values. 

The following table contains in columns I and II the relative velo- 
cities of reaction, i.e. the reciprocals of the times taken for half-completion 
of the reaction at 65° and 100°, the value for hydrochloric acid being taken 
iis unity. Columns III and IV contain the square roots of these numbers, 
which ought to be equal to the relative afiinities of the preceding tables 
(pp. 343, 346) ; of these, there have been indicated the values obtained by the 
volumetric method (V), and by the solution of calcium oxalate (VI). 



Acid. 




II 


III 


IV 


v 


VI 


Hydrochloric . 


1-000 


1^000 


1^00 


1^00 


0^98 


•90 


Xitric 


•959 


•933 


•98 


•97 


100 


roo 


Hydrobromic . 


•974 


•969 


•98 


•98 


•95 


•85 


Trichloracetic . 


•639 




•80 




•80 


•58 


Dichloracetic . 


•1663 




•408 




•33 


•165 


Monochloracetic 


•01687 




•130 




•070 


•046 


Formic 


•00266 


•00233 


•0516 


•0483 


•039 


•0233 


Lactic 


•00263 


•00234 


•0513 


•0485 


•033 


•037 


Acetic 


•00055 




•0234 




•0123 


•0094 


Sulphuric 


•428 


•353 


•654 


•594 


•667 


•616 


Oxalic 


•0509 


•0420 


•226 


•205 






Tartaric . 


•00564 


•00536 


•0751 


•0732 


•052 


•058 


Malic 


•09218 




•0467 




•0282 


•046 


Succinic . 


•00065 


•000624 


•0255 


•0205 


•0145 


•0185 


Citric 


•00161 


•00161 


•0401 


•0401 




•0275 


Phosphoric 




•00128 




•0358 






Arsenic . 




•00124 




•0353 
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le Older of magnitade of these numbers obtained in ways so dissimilar 
very case the same ; especially do the measurements of velocitr with 
lide approximate closely to the values yielded by the equilibrium 
ments. The agreement is the more remarkable that the experiments 
x>nducted at widely differing temperatures and concentrations, 
be yarious measurements serve therefore to prove that acids in reality 
tive in proportion to definite coefficients, which are quite independent 
i particular character of the chemical process. They are farther an 
imental confirmation of the connection required by theory between 
dons of equilibrium and velocities of reaction, and as such are of more 
d import 

D the first few instants of a chemical process the secondary re- 
us have the smallest inflaence, for then the substances to which 
are due are present in very small quantity, if present at alL 
shall therefore, by applying the theoretical formula to the first 
•vation of each series, obtain values of Ac diverging from the 
coefficients of velocity in the same sense but to a much smaller 
36 than the velocities observed for the half-completed reaction, 
n the following table the values of Ac have been multiplied by 
0,000 to avoid an unnecessary number of ciphers ; the last columu 
dns the values of the coefficients of velocity referred to hydro- 
ic acid as unity : — 



.cid. 


Teinp. 


e 


X 


A-x 


Ac. 


Coelt 


ochloric 


66' 


15 


442 


2238 


1317 


1-00 


>> 


100' 


2 


665 


1995 


16670 


1*00 




65' 


15 


425 


2255 


1258 


•955 




100' 


2 


651 


2009 


16200 


•972 


obromic 


65' 


15 


433 


2247 


1286 


•976 


>> 


100^ 


2 


659 


2001 


16490 


•989 


loracetic 


65' 


15 


313 


2367 


881 


•670 


oracetic 


65' 


30 


237 


2441 


323 


•245 


chloracetic . 


65' 


480 


420 


2255 


38-8 


•0-295 


ic 


65' 


2880 


446 


2214 


700 


•00532 




100' 


120 


278 


2382 


96-8 


•00581 


B . 


65' 


2880 


407 


2253 


6-25 


•00476 




100' 


240 


416 


2244 


77-2 


•00464 


C . 


65' 


14400 


330 


2330 


•984 


•000747 


luric 


65' 


15 


261 


2414 


720 


•547 




100' 


3 


555 


2105 


8780 


•527 


c . 


65' 


60 


315 


2359 


222-5 


•169 




100' 


15 


665 


1995 


2225 


•134 


lie 


65' 


1440 


469 


2166 


15-90 


•0121 




100' 


120 


549 


2111 


217 


•0130 




65' 


1440 


314 


2348 


9-2S 


•00704 


oic 


65' 


2880 


183 


2477 


2-57 


•00195 




100' 


480 


304 


2356 


2*72 


•00163 




65' 


1440 


349 


2311 


10-50 


•00797 




100' 


240 


527 


2131 


103-3 


•006*20 


jhoric . 


100' 


15 


268 


2392 


747 


•0449 
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It must be repeated that these numbers for the relative coefficients c 
velocity are only approximative. They have been calculated simply for th 
purpose of comparing them with more trustworthy numbers obtained fron 
methods less subject to secondary influences. It is, besides, instructive k 
see how largely the secondary actions influence the primary ones — the 
coefficients of weak acids for the half-completed reaction sink as low as 
half the values, themselves too small, contained in the above table. 

The experiments with acetamide have proved especially suited for 
the comparison of coefficients of equilibrium with those of velocity, 
inasmuch as they are affected by secondary circumstances in the same 
sense as the equilibrium experiments, so that the effect of these in the 
comparison is to some extent eliminated. However, the true values 
of the coefficients of velocity can only be approximately obtained by 
this method ; the values found for strong acids are too great, for weak 
acids too small. 

A method proposed by Ostwald (1883) is more exempt from such 
errors. When aqueous solutions of ethyl acetate, methyl acetate, and 
similar compounds are allowed to stand at the ordinary temperature, 
the ester undergoes a very slow decomposition into alcohol and acid, 
perhaps 1 per cent of the whole being decomposed in two or three 
days. If a little dilute hydrochloric or any other strong acid be 
added, it is found that all the ester is hydrolysed within four and 
twenty hours. The course of the reaction can be easily followed by 
titration 'with dilute baryta solution, the acidity of the liquid in- 
creasing proportionally to the quantity of ester decomposed. 

The foreign acid experiences no alteration ; we have therefore here 
to deal with a well-characterised contact-action, in which a substance 
seems to act merely by its presence, without itself taking part in the 
material reaction. It was proved by a special experiment that in the 
action of hydrochloric acid on methyl acetate there was not present 
at any time an observable quantity of methyl chloride, for titration 
with a solution of silver always gave the full quantity of chlorine, 
whereas if methyl chloride had been formed, the chlorine it contained 
would not have been attacked and precipitated by the silver nitrate. 

Since, during the process, the quantity of the ester alone suffers 
alteration, we have to do with a reaction of the first order, which 
progresses according to the equation 

B being the quantity of ester, A the quantity of acid. In contrast to 
the formula developed on p. 293, the factor A in addition enters the 
right-hand side of the equation, because the quantity of the ester 
as well as of the acid is of influence on the reaction. The following 
example for hydriodic acid shows how close is the agreement between 
theory and experiment — 
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X 


, B 
^°8BTi 


Ac 


33 


223 


•0733 


•00234 


63 


389 


•1457 


•00231 


93 


533 


•2147 


•00231 


123 


658 


•2857 




160 


786 


•3716 


•00232 


200 


902 


•4685 


•00234 


300 


973 


•5406 


•00235 


240 


1102 


•7122 


•00237 


360 


1173 


•8477 


•00235 


428 


1232 


1^0088 


•00240 


480 


1265 


1^1294 


•00234 


00 


1367 




Mean •002341 



first column gives the time in minutes ; x is the amount of ester 
mposed, measured in arbitrary units. In the third column are 
B 

values of logg — in the fourth the same numbers divided by 

time ; which quotient according to the theory should be constant, 
proves, indeed, to be so. 

?or different quantities of ester with a constant quantity of. acid, the 
icient of velocity c ought to be as a first approximation independent of 
alteration. The formula may be written 

log-5- = log -i— = Ac^ ; 
B-x 1 - ■'^ 
B 

thus X and B must remain proportional. Small deviations may appear, 
:he medium in which the process takes place varies somewhat with 
bg quantities of ester, and consequently the coefficient of velocity under- 
slight changes. 

Cte experiments to test this were so conducted that 10 c. cm. of normal 
ocMoric acid were added to 2, 1, -5, and '3 c. cm. of methyl acetate, and 
whole diluted to 15 c. cm. The measurements yielded results as 
WB : — 

Methyl acetate. B Ac 

2 c. cm. 2596 ^002419 

1 „ 1434 ^002196 

•5 ,, 766 ^002071 

•3 „ 466 ^001999 

the coefficient c does not remain constant, but decreases with diminish- 
uantity of ester. The experiments, however, were not quite properly 
ged, the quantity of water being variable. It would have been better 
d the methyl acetate always to the same quantity of acid, for the 
s quantity of the acid can obviously only be considered with respect to 
wrtion of the total volume not occupied by the ester, while the total 
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folume« were ttiarle if^jual in the above test. If we correct the ytlm 

nuilliplyitig by |-|, i^, ^ following niitabm^ 

Ac *^ -002097, -002051, -001996, and '001&96 mpectivelj* The 
liere i* nmcli ainaller ; it only amounts to abont 5 per cent for an skmt% 
of the q^uMititj of metbyl acetate in the proportion (.*f 1:1, We may ^ 
look npon the proportionality betwe€n x and B and the independence; d i 
coefficient of velocity on the amount of ester as holding true within tolemli 
wide limittt. 

Numerous acids were inA^estigated according to the method ja 
describml, 10 c, cm. of normal acid and 1 c. cm. of methyl acetata beii 
alwayis diluted to 15 c. cm. The temperature w^as 26^ The tal 
gives in the first column the values of Ac multiplied by 10,000, afl 
in the second the relative coefficients with respect to hydrochloric u 
as unity. 





I 


n 


in 


H jdrocliloric 


24^12 




100 


Hydrobromic 


2370 


*983 


976 M 


llydriodip , 




■963 




Nitric - 


22*06 


■915 




Chloric 


227a 


^Hi 




Sidphttric , 


1319 


-547 


-M7 


Muthylffulphuric . 


24*30 


1007 




EthylBulphurio . 


23^80 


-987 




Propjleulphuric . 


23-63 


*980 




1 aohu ty bulphiu'ie 


23-41 


-971 




Aniylflulphuric . 


23H)8 


-959 




EthflEiBSulphonic 


23'61 


-979 




Isethionic , 


23-57 


-978 




Btnzcneflii]phonic 




■991 




Formio 


-316 


■01310 


-0053 


Acetic 


•0833 


■00345 


'00075 


Propionic , 


'0733 


■00304 




Biityiio 


■0721 


-00299 




Iflobntyric , 


^646 


'00264 




Monoehloracetic . 


1 -036 


*0430 


-0295 


Dichloi-acetic 


5-56 


-2304 


■245 


Trichloracetic 




■0820 


'^70 


LiLctie 


■2172 


-00901 


-0048 


Oxyiaobatyric 


■3031 


'00921 




Trichlorolaetic . 


im5 


■0690 




Pyruvic 


1-616 


■0670 




OxaKc 


4 '21 


^746 


■109 


Mulonic 


'6^2 


-0287 




Succinic 


■1194 


-00496 


'0O19B 


Malic * . . . 


-2851 


'01181 


^0070 


Tartaric 


^5540 


-02296 


'0121 


Kaceniic 


-5540 


■02296 




Citric, 


-4753 


■01635 


-OOBO 
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In the third column the approximate values of the true coefficients 
of affinity calculated from the acetamide experiments are indicated. 
For the stronger acids the agreement between the numbers is excellent, 
although the one series is for 26°, the other for 65°, and for weak 
acids the divergence is in the expected direction, the numbers from 
acetamide being always less than those from methyl acetate. The 
retarding action of the neutral salts is in their case so enormous {vide 
infra), that even the small quantities formed in the first period of the 
reaction have an important influence. 

Nevertheless it is quite apparent from this comparison that we 
are indeed dealing in all the various chemical processes hitherto con- 
sidered with the same, numerically definite, properties of acids. To 
the interesting relations between these and the chemical composition 
and constitution of the acids a special chapter will be devoted. 

Cane-sugar, under the influence of free acids, is decomposed with 
absorption of the elements of water without the acid apparently taking 
any part in the process. We are not yet in a position to form any 
clear representation of the cause of this action as we did for the 
catalytic" decomposition of methyl acetate, but the supposition is, 
j ustified that the two processes are not only externally but intrinsically 
quite similar. Here also it is the affinity of the acid for the alcoholic 
hydroxyls of the dextrose and levulose produced from the cane-sugar 
that acts in the predisposing fashion already indicated (p. 348), and 
so conditions the decomposition. 

Biot, to whom we owe the fundamental observations on the 
process and the accompanying* changes in the power of rotating the 
plane of polarisation, drew attention to the interest which a compara- 
tive investigation of the influence of the diflferent acids would possess. 
This same process of the inversion of cane-sugar is, as already observed, 
that by means of which Wilhelmy in 1850 proved the fundamental 
law of chemical action. 

Lowenthal and Lensseh (1862), endeavoured to utilise sugar-inversion for 
investigating the affinity of the inverting acids. Their object was " to ex- 
press in numbers the magnitude of the affinities of the substances," but, 
although they were on the proper path for reaching this end, one can 
scarcely say that they altogether attained their object. 

The greatest shortcoming of their research, which is indeed exceedingly 
rich in correctly observed facts, is the want of a measure for the reactions 
investigated. Although Wilhelmy twelve years previously had been per- 
fectly cognisant of the law governing the action of acids on sugar, Lowenthal 
and Lenssen, evidently unaware of his work, made no attempt to find such 
a law at alL Their measurements are therefore, in spite of the careful 
execution, in the main of only qualitative character. They were able, by 
always making comparable experiments, to judge if an acid was stronger or 
weaker than another, or equal to it, but could not express the difference 
with numerical exactness. They also worked at the variable laboratory 
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temperature, so that the ealculation of the inversion coefficients from th 
numbers, although still possible, could not be made with any great claim 
accuracy. 

Ostwald in 1884 employed the method extensively to determii 
the action of different acids. Column I of the following table co 

1 B 

tains the coefficients of inversion cA = -^ log g— ^multiplied by 10,000 

column II the same with reference to hydrochloric acid = 1 ; in colum 
III the coefficients of velocity for the reaction with methyl acetate ar 
tabulated for comparison. 



Acid. 


I 


II 


III 


Hydrochloric 


21-87 


1-000 


1-000 


Hydrobromic 


24-38 


1-114 


•983 


Nitric .... 


21-87 


1-000 


•915 


Chloric .... 


22-61 


1-035 


•944 


Sulphuric .... 


11-72 


•536 


•547 


Ethylsulphiiric . 


21-86 


1-000 


-987 


Isethionic 


20-07 


•918 


-978 


Etbanesulphonic 


19-93 


•912 


•979 


Benzenesulphonic 


22-82 


1044 


•991 


Formic .... 


-335 


•0153 


•0131 


Acetic 


-0876 


•00400 


•00345 


Isobutyric .... 


•0733 


•00336 


•00264 


^lonochloracetic 


1-059 


•0484 


•0430 


Dichloracetic 


6-93 


-271 


•230 


Trichloracetic 


16-47 


•754 


•682 


Glyeollic .... 


' -286 


•0131 




Lactic .... 


•233 


•0107 


•00901 


^letliylglycollic . 


•397 


•0182 




Ethylglycollic . 


•300 


•0137 




Methyllactic 


-304 


•0139 




Diglycollic 


•583 


•0267 




Pyruvic . . . • . 


1-419 


•0649 


•0670 


Glyceric .... 


•375 


•0172 




Oxyisobutyric . 


-232 


•0106 


-00921 


Oxalic .... 


4-00 


•1857 


•1746 


Malonic .... 


-674 


•0308 


•0278 


Succinic .... 


-1192 


•00545 


-00496 


Pyrotartaric 


-234 


•01072 




Malic .... 


-278 


•0127 


-0118 


Citric .... 


•377 


•0172 


-0164 


Phosphoric 


1-357 


•0621 




Arsenic .... 


1-052 


•0481 





The agreement of columns II and III again shows that the coefficier 
of velocity of quite different reactions caused by acids have the sai 
value. The method of sugar-inversion ranks along with those alrca< 
discussed as a mode of measuring the affinity, and surpasses mc 
of them in this respect, that it is almost free from secondary actions 
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More detailed consideration of the numerical values of the 
coefficients of inversion will be given in a subsequent chapter. 

Lowenthal and Lenssen had remarked an influence of neutral salts on 
the action of the acids. While the diminution of the rate of inversion in 
the case of dibasic acids could be easily explained by the formation of acid 
salts, the increase in the case of the strong monobasic acids appeared in- 
* exphcable, as no reaction between these and their neutral salts had ever 
heen betrayed by thermal or other phenomena. This influence of the 
neutral salts, however, is exhibited in the most general fashion, being by no 
means confined to the single process of inversion. 

In all the methods employed the same influence has appeared, and the 
laws to which it is subject may be stated as follows : — All nitrates and 
chlorides investigated increase the action of the free acids, the influence 
being greatest for the potassium salts, somewhat less (and almost equal) for 
the sodium and ammonium salts, and least for the magnesium salts. 
With increasing dilution the action diminishes, and with increase of the 
quantity of the neutral salt the influence of the latter increases — ^in most 
cases almost proportionally. 

The increase of the action of monobasic acids is nevertheless not general. 
It only occurs with the strongest acids, passing with weak acids into a 
diminution of the action which with the weakest is of extraordinary 
magnitude. For example, the presence of an equivalent quantity of potassium 
acetate reduces the action of acetic acid to one -fortieth of its proper value. 
The explanation of this phenomenon will be given hereafter. 

The afl&nity of bases has hitherto scarcely been investigated, 
although quite similar methods seem applicable to them as are used 
for acids. Berthelot made some experiments on the equilibrium 
between soda and ammonia when contending for an acid ; they led him 
to the result that ammonia is completely " or sensibly " displaced by 
the soda. Menschutkin arrived at the same conclusion by making use 
of the fact that phenolphthalein is coloured in alcoholic solutions by 
potash but not by ammonia ; his results thus hold only for alcoholic 
solutions, and are not quite unexceptionable. 

Only one kinetic method has been tested and applied — the saponi- 
fication of acetic ether. E. Warder, to whom we owe the first experi- 
tets in this direction, confined himself to the observation of soda 
solutions, but Keicher afterwards extended the investigation to other 
bases. The coefl&cients of velocity obtained by him for the reaction 

MOH + CHg- COOC2H5 = CHg- COOM + C^BfiB, 

where M represents different metals, are as follows : — 

Soda. . . 2-307 Strontia . 2 204 

Potash 2-298 Baryta . . 2 144 

Lime . • 2-285 Ammonia . . Oil 

There is thus no great difference between the values for the alkali 
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and for the alkaline earths, just as the strong mineral acids have 
aliiioat oqiiftl coefficients of affinity; ammonia is much weaken In 
particular the numbers for iJOtash and soda are almost identicjil, 

OBtwmlcl tested theae results by the eiiBie method, and confirmed theni 
a» far as the strong hfises are concerned, to which he found might be fidikl 
llthia and thai Ha with nearly equal valties. 

With regfu-d to ainmouia, it appeared that the simple formula of p. S95^ 
applicable to strong bases, lo«es its applicability in this case, for hm the 
auiiuonium acetate formed in the reaction exerts a strong retarding influence. 
If this salt is Bpedally added beforehandj the saponification takes place niucii 
more Blowly than without the addition. As the quantity of ammonimn 
acetate increases during the reaction, the coefficient of velocity does not 
remain constant but continually decreases, as is seen on calculation of the 
obser nations with the ordinary formula. 

The substituted ammoaiai, or amine bases, behave similarly, altlitmsb 
the retartling action in their case does not reach the same high degree 
with ammonia. 

This circumstance greatly enhances the difficulty of estimatiBg thi 
strength of these baseFj. We can, however, eliminate the effect of the 
disturbing action in the following way, %^ithout going into the somewlmt 
complicated theory of the matter. If we calculate the coefficients of Telocitjr 
in the usual manner, and tabulate those that decrease with the time U 
ordi nates, against the time as abacissfe, we obtain a curve, in general convti 
to the asiis of absci^ss^a If we now produce this curve to cut the axis of 
ordinates {0 = 0) we obtain the coefficients of velocity for the first instant; 
and this is free from the disturbing action, for no acetate hai then beia 
formed* Although the process, owing to the necessary exterpolation, is net 
very exact, it still admita of our finding the wished-for 'ralues with & degree 
of accuracy sufhcient for most purposes. 

The following coefficients of velocity were determined in this way 



Soda . 


102 


Amylamine . 


18'S 


PotiLsb 


161 


AUylamine . 




Lithia . 


165 


Dimetlijlamine . 


22 


TliaEia 


US 


Diethyl amitifj 


26 


Ammonia , 


S'O 


Trimetliylamintj . 




llBthylamine 


19 


TriethjlamiiiG 


22 


Etbylamiiie 


19 


Piperidine . 


27 


Propylamine 


18-6 


Te trae thy lammouinm 




laobutylaraine 


14-4 


hydroxide 


lai 



The nunibei's are for a dilution of 40 L and for 25 \ The substituted 
ammoniaa are all stronger than ammonia itselt We cannot, howeYer, eut^r 
here into a detailed discussion of the results. 

The tetra-substituted ammonium hydroxides behave quite differeatlj 
from the amine liases. As their chemical character places them mth tb^ 
fixecl idkalies, so does their behaviour in saponif)'ing ethyl acetate rank iheio 
in the same clas.^, the value obtained for tetraetliylainraonium hydrosidsi 
131, being little less than those obtained for the alkalies. 




CHAPTER IV 



ELECTROCHEMICAL RELATIONS 

\^^lts of the investigations on chemical affinity described 
the preceding chapters may all be embraced in the principle that 
e action of this affinity is governed by definite co- 
ficients appertaining to the active substancea and in- 
Bpendent of the nature of the reaction. This principle is in 
first instance purely empirical ; there is nothing contained in it 
lat in any way leads to a conception of the canse of such a law. 
fodoTibtodly we can Bay that one and the same cause is at the bottom 
t all these phenomena and determines them quantitatively, but what 
ie nature of that cause is, and what conditions the activity of the 
miom substances—acids and bases alike— remains unknown. 
I The explanation came in a way not very nearly related to the 
podern developments of chemistry. When the electrochemical ideas 
of Eerzelius — introduced by him from a false interpretation of his 
Bsperiments, and only Titilised for systematic purposes — had fallen 
into disrepute, the actual close connection between chemical and 
electrical phenomena was left entirely out of consideration. Now for 
iie second time this connection has proved of fundamental significance, 
bd that for the highest scientific problem of chemistry— for the 
pestion of the laws of chemical affinity, 

I The first indication of this new train of thought ia to he foimd in 
littorf s observation that tlie mobility of the components of electrolytes, i.e. 
^eir power of entering into cheDiical reactions, is umnifestcd in their 
ilectric conductivity. On the other hand, we have the view introduced by 
Filliamson and Clausius that fitatea of chemical equilibrium are stationary 
pies, i.e. not of complete repose but of equal and opposite tranaformatioufi. 
pese ideas, however, were merely of a qualitative description. It was 
llyin IS 84 that Svante Arrhenitis for the first tinie proved definite and 
laatitative relations to exist between electrical and cheuiical properties. 

It has several times been shown in the preceding part of this book 
»t a seriee of very dissimilar phenomena (in particular the deviations 
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of salt-solutions from the general laws regulating dilute solutions, 
and the phenomena of electrolytic conductivity) find their common 
explanation in the assumption that salts and like substances are in 
aqueous solution dissociated into their ions. The laws of chemical 
affinity empirically obtained above are susceptible of a similar ex- 
planation ; we have only to make the additional assumption that the 
possibility of taking part in chemical reactions lies only in the free 
ions, and that consequently the capability of reaction in a given 
solution is proportional to the number of free ions it contains. 

The fact stated by Hittorf that the power of reaction and the 
electrolytic conductivity are always concurrent properties, speaks at 
once in favour of this assumption. It obtains further support from 
the circumstance that the processes of electrolytic conductivity and 
of chemical decomposition both depend on the molecules under con- 
sideration falling into smaller submolecules ; without this decomposition 
there can be neither a new distribution of parts, as in chemical 
reaction, nor a transport of the electricity attached to the ions, as in 
conduction. 

But the most decisive and telling argument for the soundness 
of the assumption is the numerical agreement of the values for the 
chemical activity on the one hand and the electric conductivity on the 
other. The numbers on pp. 354 and 356 for the rate of catalysis of 
methyl acetate and of the inversion of cane-sugar agree so closely with 
those representing the relative electric conductivity, that there cannot 
exist the slightest doubt of the intimate connection between the two 
series. 

In the following table there is tabulated under I the electric con- 
ductivity of normal solutions of acids, under II the coefficients of 
velocity for the catalysis of methyl acetate, and under III the 
coefficients of inversion of cane-sugar. 



Acid. 


I 


II 


III 


1. Hydrochloric, HCl . 


100 


100 


100 


2. Hydrobromic, HBr 


100-1 


98 


111 


3. Nitric, HNO3 .... 


99-6 


92 


100 


4. Ethanesulphonic, C2H5 . SOgOH 


79-9 


98 


91 


5. Isethionic, C2H4OH . SOgOH . 


77-8 


92 


92 


6. Benzenesulphonic, CgHg . SOgOH 


74-8 


99 


104 


7. Sulphuric, H2SO4 


65-1 


73-9 


73-2 


8. Formic, H . COOH 


1-68 


1-31 


1-53 


9. Acetic, CH3.COOH . 


•424 


•345 


•400 


10. Monochloracetic, CHgCl . COOH 


4-90 


4-30 


4'84 


11. Dichloracetic, CHCI2.COOH . 


25-3 


23-0 


27-1 


12. Trichloracetic, CCI3. COOH . 


62-3 


68-2 


75 '4 


13. Glycollic, CH2OH.COOH 


1-34 




1-31 


14. Methylglycollic, CH2(OCH3).COOH . 


1-76 




1-8-2 


15. Ethylglycollic, CH2(0C2H5) . COOH . 


1-30 




1-37 


16. Diglycollic, 0(CH2.C00H)2 . 


2-58 




2-67 
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Acid. 


I 


11 


III 


i / . xTopioniCi y^itXfn . ul^uh 




•304 


— 


lo. LACtlC, U2II4UJI . UUUxl 


1 'A^ 
1 U4 


•90 


1-07 


ij7. p-uxypropionic, i^2^4^'"- • v-'UUxi 


•ana. 

DUO 


— 


•80 


Z\J. vriycenC, \j2"-2>\^^)2' ^^^^ 


1 0/ 


— 


1^72 


91 Pmn-iirin P TT H POHTT 

zi. xyruvic, O2JLI3V/ . Uvvh 


R'AA 
DU 


6^70 


6^49 




*316 


•300 


— 


9<l TanVkn-Krn/t P TT PHOTT 


Oil 


•268 


•336 


9J. nvTriart>\ri4-tnnn P TT OTT POOTT 

uzyiso Duly riO) i^3xigUxi . uuuri 


1 'OA. 


•92 


1-06 




ly / 


17-6 


18^6 




3'10 


2-87 


3-08 


27. Succinic, C2H4(C00H)2 


•581 


•60 


•65 


28. Malic, C2H30H(COOH)2 


1-34 


1^18 


1^27 


29. Tartaric, C2H2(OH)2(COOH)2 . 


2-28 


2^30 




30. Bacemic, C2H2(OH)2(COOH)2 . 


2-63 


2-30 




31. Pyrotartaric, CsH6(COOH)2 . 


1-08 




1-07 


32. Citric, CsH40H(COOH)3 


1-66 


1-63 


1^73 


38. Phosphoric, P0(0H)3 . 


7-27 




6^21 


34. Arsenic, A80(OH)3 


5-38 




4^81 



The values for hydrochloric acid have in all three columns been 
made equal to 100. The agreement is not absolute, for it must be 
remembered that the numbers are for different concentrations. The 
intimate relation of the values is, however, so striking that the actual 
Validity of the law is placed beyond doubt, and it only remains to 
discuss the question of how the variations from it are to be explained. 

Now the assumption that the chemical activity of a substance of 
the type of the salts, acids, or bases, is proportional to the number 
of their molecules split up into free ions, makes clear the existence 
of specific coefficients of affinity, dependent only on the nature 
of the substance and not on the nature of the reaction. There is not, 
«iiS was formerly for the most part imagined, a special force active 
fcetween the reacting particles, but the measure of the activity is given 
ty the number of electrolytically dissociated ions, no matter on what 
these ions may in the specified case react. 

We must, therefore, conclude that all acids, for instance, would be 
equally strong if fully dissociated. Now the dissociation increases 
with the dilution according to laws to be given presently; acids 
already tolerably far dissociated at moderate dilutions will not gain 
>iiuch in dissociation and strength by further dilution ; acids but little 
dissociated must, on the other hand, grow rapidly stronger as the 
dilution increases. On comparing the numbers on p. 346 for 1 1. and 
10 1. we see that this is indeed the case. 

There must further be a maximum of chemical activity corre- 
sponding to complete dissociation and not capable of being exceeded 
hy any acid. Hydrochloric acid at moderate dilutions is very near 
this maximum. It has not been found that any acid exceeds hydro- 
chloric acid in strength to any considerable extent ; no sort of com- 
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binatiou of " negative " atomsj &uch m luaj be found in chloric i 
HC10.J , methanedisnliihonic acid, CH2(S03H)^, or pentabrom-ben 
. ittlphoriic iicidj C' -Br,. - SO^^H, shows an action in any way more powd 
tb*n is exbibitetl by hydrochloric acid. 

It only remains to bring these somewhat qualitative reiationa j 
the form of quantitative laws. If electrolytes are actually dissocii 
the same laws muet hold for this state of dissociation as we found tol 
apply to gases. Let us consider in the first place binary electrolytes, | 
of which each molecule falls into one positive and one negative iouj, 
we have then (if u is the number of original, w of decomp 
[molecules in unit volume) the following condition for equilibriimi] 

cu = c'w . w ^ c'w-, 

for from each original molecule we obtain two on decomposition. 

The number of docom]>osed molecules is, according to what I 
stated on p. 285, proportional to the molecular conductivity. If ] 

call this ^ for some finite diltitionj the fraction -Ogives the proportioif ] 

of molecules decomposed, /i» being the limit of electric conduetivitv" 
for infinite dilution and complete dissociation. The complement "f I 

this number, 1 — is consequently the proportion of molecules 

undecomposed. 

Now the active quantity of the two portions is the absolute araomit 



divided by the volume v; we can thus write u = -fl — ^) and 

v\ /A*/ 

Introducing these values in the above equation ff« 



w = 



v" ^» 
obtain 



or on transformatiou 



V/jta>(ft — fJLtc) G 



Lastly^ if we make the ratio equal to m, ie, if we refer the 
molecular conductivity to the limiting value as unity^ we get 



m= 



v(l " m) 

It is thus to be expected that the influence of the dilution v on tl>^ 
molecular conductivity of binary eleck-olytes will be represented ^7 
this equation. 

This expectation is realised in the most complete manner. 
Ostwald (1889) found tbe formula to agree with experiment for over 
two hundred acids. 
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From the form of the equation the following concluBions can at 
I be di'awB* The constant, k is depondent on the nature of the 
taocej but we can always choose states of dilution Vi and for 

» diiferent substances so that the products Vik^ and v^kg shall be 

In that case j — and consequently m, must be the same for 

t-e. the conductivity with reference to the iimitiog valuep or, what 
lie same thing, the proportion of dissociated molecules is for both 
iBtances the same. If we alter both dilutions in the same ratio, 
ible them for example, the products y,kj and y^k^ are still equal, 
[ so also must be the values of m. From this it follows that the 
utions at which two substances are dissociated to the 
e extent are al ways proportional, independent of the absolute 
ues of the dilution. This law was empirically discovered by 
twald (1885) for relative molecular conductivity before he had 
plied the theory of dissociation to electrolytes. 

If the value of m is very small, then I - m differs but little from 
flty and undergoes only small alteration with iticrease of the dilution, 
ie equation then assimies the fom 

m^ 

— = const. 

V 

conductivity is proportional to the square root of the dilution. 
S^oMrausch (1878) deduced this law empirically from his measure- 
oaents on acetic acid and ammoni;ij and it afterwards received from 
^Btwald the most ample confirmation, 

j The severest test of the formula is to determine m for a number 
rf difiorent dilutions and then calculate from the values obtiiined the 
jonstant k, which ought to be independent of the dilution. The 
following numbers were observed for acetic acid 



V 




ni 


t 


8 


1-84 


'0119 


'000O180 


16 


6^10 


'0167 


179 


32 


S-65 


-0238 


182 


64 


12-09 


'03S3 


179 


128 


16-09 


*0468 


179 


256 


23-82 


'0656 


180 


512 


32*20 


'0914 


180 


1024 


46-00 


'1266 


177 



iader v we have the dilution in litres per gram- molecular -weight, 
Inder p the molecular conductivity in mercury units, and under m 
the same referred to the maximum ;jtx =354. The calculation of 
Ihig maximum value is made as indicated on p. 285^ the velocity of 
liiigration of the acetion, CH3CO2 , being determined from the con^ 
^Uctivity of the sodium salt, and to it heing added the corresponding 
Velocity of hydrogen. Fi-om eaeh measurement we obtain a value for 
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k, and wo »ea that these uumbors lie so close round the mean vali 
k = '00001 80j that the luiavoidahle error of experiment need only] 
taken into account to explain nny slight deviations. 

What was found for acetic acid is confirmed in the same way fdl 
all other monobaaic acids investigated, so that the law is quite geaersL 
Only with such acids as are very near the majcimum value is the oolfc- 
stant k not accurately calculable ; for them, the slightest error ia 
determination of the conductivity conditions a great variation in 
value of k. 



Knowing the constant k we cmi calculate the conductivity, and thna 
the chemical activity of an acid Ibr any dilution. We have only for tWi 
purpose to solve the equation for when we obtain 

-vk+ Jv%^+4Yk 

m = ^ -5^- — 

We have, hitherto, spoken of monobasic acids only. When the 
values of the constant are small, jxjlybasic acids behave in respect ol 
conductivity exactly as monobasic acids. From this it is apparent 
that the dissociation does not, as we might at first expect^ affect tk 
hydrogen atoms of the two carboxyl groups simultaneously, but that 
first only one of them is split off. If, therefore, H*,A'' is the fomnili 
of a dibasic acid, the electrolytic dissociation takes place according to 
the scheme H | HA'', and not according to the scheme Ho | A'* Onlf 
when the dissociation has gone a considerable length does the second 
hydrogen atom begin to separate ; in most cases this does not happen 
in any marked degi^ee until at least half of the molecules have decom- 
posed in the sense H | HA". W*e may take succinic acid as as 
example. The signification of the letters is as in the preceding tabk 



V 




m 


k 


16 


11/4Q 


'0320 


'0000662 


32 


16*03 


■0450 


662 


64 


22-47 


■0632 


ti67 


12S 


31 '2S 


■0880 


664 


256 


43 'SO 


■1224 


668 


512 


5&"51 


■1675 


659 


1024 


81 '64 


-2295 




2043 


10&-5 


"3082 


671 


356 has been taken for 




The constant 



The value 356 has been taken for ^m. The constant k proves ^ 
be the same for all the dilutions, which vary in the proportion of 1 1** 
128. It should be mentioned that such a comprehensive confirmation 
of the law of dissociation for gases has never yet been obtained. 

If the polybasic acids are stronger, the formula for monobsaac 
acids no longer holds good. In the solutions we have then molecule 
H, HA", and A", forming a somewhat complicated equilibrium wiA 
each other, the calculation of which cannot here be given* Very 
strong dibasic acids whose solutions contain, for the most part, 2H &ti<l 
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are similar to the strongest monobasic acids, the moleeular con- 
ctivity changing little with the dilution. The maximum lies about 
ice as high as for monobasic acids. 
Similar coo si derations apply to tribasic and poljbasic acids. 
II, from the p<Hnt of view we have now reached, look at the 
ets diBCUssed in the preceding chapter, we can easUy understand 
hy the state of dissociation or the number of free and active ions 
jtennines the velocity of such processes as the inversion of sugar, 
i catalysis of methyl acetate, or the decomposition of acetamide. 
these cases there are present in the liquid besides the active electro- 
rtic substance only non-electrolytes, or at least such bodies as are 
eeomposed electrolytically only to a vatiishingly small extent, so that 
active substance can freely exert its influence. 
The circumstances are different when several electrolytes are 
tssent in the liquid at the same time. The question must then be 
ettled if the state of dissociation of each electrolyte is independent of 
& other or not. We can at once dispose of one case, that, namely, 
Sill the electrolytes in the solution being fully dissociated or nearly 
lliey can then no longer influence each other, and the laws 
rtaining for the separate solutions may be applied to the mixture. 

But if a highly dissociated and a weakly dissociated substance be 
Inultaneously present in the solution, there will be mutual influence, 
both contain one common ion. The formulae of chemical equilibrium 
quantities not equivalent then apply, and the state of equilibrium 
different. 

If we ask how two solutions must be constituted in order that the 
bsolved and partially dissociated substances may not influence each 
pther, we must flrst of all claim that the active mass of the 
Components shall not alter on mixing. Two solutions of the 
same substance will therefore not influence each other when their 

![)ncentrations are equal, as indeed is a prmri perfectly clear. The 
uestion is somewhat more complicated for two different substances 
ontaining a common ion, e.y. two acids. We shall consider for 
Bimplicity's sake two monobasic acids HA^ and HA'^. According to 
the general formulffi for chemical equilibrium these two equations will 
' old good — 

V, V, 



= Ca — 

V, V* 



1. 



P'liere ^ is the dissociated portion and v the volume containing a 
am-molecular-weight. 
If we mix the two solutions, the volume becomes Vj + Va- The 

pncent rations of the undecomposed portions fall to ^ 
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while those of the add ions fill to 



and 



of hydrogen beoomes ^ — ^. The equations of eqniHbxxam for die 
two acids are thus 



Thus, in order that the states of dissociation of two adds be not 
altered on mixing, the dissociated portions must be as the dilutioiis. Or, 
according to the second form of the equation, the concentration 
of the hydrogen ions must be the same in both solutions. 

TbuB if we have acetic acid for example, which is only sligjitly dissociated, 
and hydrochloric acid, which is highly dissociated, we most take Teiy dilute 
BolutionB of the latter and moderately strong solutions of the former to get 
the same concentration of the hydrogen ions. From the table on 363 we 
see that acetic acid contains in round numbers -012 equivalents of hydrogen 
as free ions for a dilution of 8 L ; the concentration with respect to this ion 
•01 2 

is therefore = '00 15. Hvdrochloric acid will be without influence on 

8 

this solution when the concentration of its hydrogen corresponds to the 

equation -='0015. Since it may be considered completely dissociated at 

the requisite great dilutions, we have ^ = 1 and consequently v = 667. The 
hydrochloric acid must therefore be of the concentration of one gram- 
equivalent in 667 litres. 

Arrhenius, to whom the foregoing considerations are due (1888), 
terms such solutions as do not mutually alter their state of dissociation 
isohydric. Since according to the formula just developed it is only 
necessary for this that the concentrations of the same ion be 
equal, the absolute quantities of the solutions or their ratio playing 
no part, it follows that isohydric solutions leave each other undisturbed 
no matter in what proportions they may be. 

Hence we conclude what will happen when two solutions not 
isohydric are mixed ; they will so act on each other that they become 
isohydric. If we imagine the two solutions to be placed first in layers 
one above the other, we can remove water from the solution in which 
the concentration of the common ion is the smaller, and give it to the 





it V, V, V, 



ELEOTROCHEMICAL EELATIONS 



367 



r solution, and go on doing so until the concentration in the two 
tions Las become the same. Thej are then iaohydriCj and can be 
ed without any change in either taking pkce. 

The removal of water lias a twofold aclion. In the firet pltu:ej the 
toiicentratiou increases proportionaDj' to the amount of wnter removed. 
But this 19 not all,— the diasodatioTi is diiiiimshed because the volume is 
imaller, and m the concentration of iom is lees, Kow the fir&t action has the 
[irepondemncej for it is proportioned to the quantity of wuter, while the 
second is at most proportional to the eiiuare root of this quantity ; 
but in any eaae the calculation is hereby complicated. The same thing 
tioMs for the solution to whkh wat^^r is added : the concentration of the 
Jomnion ion decreases on account of the increased dilution, which, however, 
ietemiines an increase of the dissociation, and aa the diminution is smaller 
than would be calculated from, the dilution alone. 

Two BolutiouB isohydric with a third are isohydric 
with eaeh other. For if two soln tions are isohydric with a third, 
they each contain one ion at the same concentration as in the third, 
and thus have the same concentration themselves and are isohydric. 
This theorem was discovered experimentally before the theory showed 
it to be necessary. 

It should particularly be noted that this Jaw only holds for such 
Bolutions as contain a common ion j if no common ion is present the 
matter assumes a different shape, and to the consideration of this 
case we shall now turn. 

As was formerly remarked, solutions of almost all salts are highly 
dissociated, and also those of the strong mineral acids. If we mix a 
dDute solution of hydrochloric acidj which contains the free ions H 
and CI almost exclusively, with a dilute solution of a salt, which we 
may denote generally by MA, M being the metal and A the acid 
ladiea!,— then for equilibrium it is necessary that all positive and 
negative ions should be in dissociation -equilibrium with respect to 
the possible compounds. Should the acid of the salt in the free state 
be likewise highly dissociated, equilibrium between the hydrogen of 
the hydrochloric acid and the acid radical A will be also approximately 
existent. If, however, the acid HA is only dissociated to a very slight 
BXtent, like acetic acid, the hydrogen of the hydrochloric acid and 
the acid radical will act on each other so as to form nndissociated 
molecules HA untO the remaining hydrochloric acid becomes isohydric 
with the acid HA formed. The result is thus that a certain quantity 
&f the acid HA is formed at the expense of the salt MA and the 
tiydrochloric acid, the amount being greater the less the acid is 
dissociated, i.e. the weaker it is. 

This in the light of the theory of dissociation is the process 
Either to known as the displacement of a weak acid from its salt by a 
ikonger acid, and ascribed to a special chemical force of affinity 
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bet^ween the metal and the variotis aeid radicak. We %m thai 
cause lies in the nattire of the acid ; the meUil of the salt plays but 
small part^ for it only aervea hy its presence to keep the ion of 
acid in the diMOciatod state. Thus is explained the empirical 3ai 
I (p. 342) that the ratio in which one acid m displaced from a gall 
f hy another does not depend on the nature of the hasic component 
We must now conceive another process in the same way, for which 
also a sort of action at a distance has been hitherto made accouatablei 
—namely, the neutralisation of an acid by a base. If, as we havB 
often stated, a salt is dissociated into its two ions, it appears at fint 
Bight incomprehensible why an acid and a base should act on eadi 
other in any way, since their two active comijonentsj the meUl and 
the acid ion, do not enter into combination with each other at all 

This is perfectly correct, however; salt- formation in aqueous 
solution is in reality not a combination of these components of 
Mud base, but consists in the combination of the two other 
components, the hydrogen of the acid with the hydroxjl 
ofthebase. Water is an electrolyte of extraordinarily sttirII dis- 
sociation, as is seen from its excessively slight conductivity, — although 
at the same time the ions, OH and have specially great velocities 
of migration. Consequently it is impossible for the ions hydrogen 
and hydroxyl to exist uucombined in the same liquid, and so when 
they meet they immediately unite to form water. The process of 
neutralisation in aqueous solution is thus nothing but a formation of 
water. 

The simplest case is when a strong acid acts on a strong baae, as 
we have then only to consider substances for the most part dissociated. 
The formation of potassium chloride from potash and hydroehlone 
acid would thus correspond to the equation 
+ - + - + - 
K + OH + H + CI - K + CI + H,0. 

If this conception is correct the heat of neutralisation of such powerful 
acids and bases must be independent of the nature of the subetancfls 
and possess in fact a constant value representing the heat of combiiiii- 

tion of H and OH to form water. It has already been shown tbftt 
this is actually the case, the development of heat on the action oi 
hydrochloric, hydrobromic^ hydriodic, nitric, chloric, perchloric, iodiCi 
ethylsulphuricj the sulphonic acid, etc., on strong bases like potash, 
soda, lime, baryta, strontia^ or tetramethylammonium hydroxide bfliBg 
always very nearly the same, vi^, 137 or 138 K. 

If one of the components {or both) is in a less dissociated conditio^) 
there must be added to the heat of formation of the water the heat 
of dissociation of the substance in question, as in order to produ(^ 
hydrogen or hydroxyl (or both) for the formation of water it 
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Beeasary that it should first fall into its ions. Deviations from tlie 
limber 137-138 K are therefore only possible for the weaker acids 
ad hases. This law ^also is in complete accordance with expei-iment. 
lie greatest divergence is shown in the case of hydrofluoric acid and 
hosphoric acid ■ both are weak acids and feebly dissociated. From 
IB fact that their heat of neutralisation is gi^eater than 137 it appears 
tat heat is liberated on their dissociation, which must therefore 
iminish with rise of temperature. Snlphuric acid too in the solutions 
ployed by Thomsen is only dissociated to the extent of 50-60 
r cent, so that its somewhat high heat of neutralisation can be 
plained in the same way. 
^ Fin ally J on the basis of those considerations it is easy to perceive 
the cause of Favre and Silbermann*s law of constant difl'crencos in the 
heat of neutralisation (p, 219) as well ii& of Hess's Law of Thermo- 
Qeutrality. The heats of neutralisation can be represented as sums 
>f a constant term, a term depending on the base, and a term depend- 
ing on the acid. This must be so, for the heat of neutralisation is 
composed of 

Jjk (a) the heat of dissociation of the acid, 

(b) the heat of dissociation of the basSj 
(e) the heat of formation of water. 

Tlie term a depends only on the nature of the acid, b only on the 
natiue of the base, and c is constant, Le. independent of both. 

This conception of the chemical process of neutralisation may, at 
first sight, appear somewhat strange and opposed to the customary 
views. It hii3, however, the great advantage of resting on a broader 
empirical foundation, and besides, of explaining and connecting together 
phenomena which the ordinary more or less vague ideas either leave 
Ipithout explanation, or acknowledge to be contradictory. 
' It should be mentioned that the other physical and chemical 
phenomena accompanying neutralisation, in particular the change of 
^olume, of refraction, etc., are callable of being explained in the same 
pay, but it is scarcely necessary to enter into the details. 

We must now fix quite generally the conditions for the estahlish- 
taent of chemical equilibrium between four substances, which can be 
formed by the coiubination in pairs of two negative and two positive 
Mm. These conditions may be expressed in the following theorem :— 
If isohydric solutions of A/B,, AjB^,, AJ^^^ A^B? be prepared {A^B, being 
laade isohydric with AjB,, this with AuB., and this again with A^i), 
then when these are mixed in such volumes a^ b, c, d that the equation 

ad ^ be 

iolds good, the substances are and will remain in equilibrium. 

t If we denote the undissociated quantities of the four substances 
V a, B, and l e member that the dissociated portions are propor- 
fcnal to the volumes (for according to hypothesis the solutions are 

2 B 
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ifwhydm^, imA can thiw be denote hy ha*, hb, hic^ hd^ wiiexee Bi » t 
(^atjint.. tJm equatiioTMi for ec|niHbrrnizL will be » foilawii — 



V a^y 1) b / 



etc 



If rww ima^ne the fcrar rolmnes a,, b, a, i m b«t mcEBii^ ^ 
conHitioTW of ei^mlihrrom \fill afqiear^ the eqiiarton» ™«Trmng tk 
ffAhyvnnc^ form .--- 

a ^ k^V/'a — b)(a— G) 

_ Wh-^(b-a^(b-d) 
%^b-e-^d ^a-^b-^c^d)'" ' ^ 

Por in the mi^caire the iinduKiocdaced qtiantiirjfr of A^S^ » as Mxre 
rty bntr it i» now contained in the vohune a-hb-rc^d^ Oftbcdis- 
mfinfM portiom^ A. and B. the qnantiiy a of A,, cmm from the 
solution A-B and the quantity b froBL tie soluttan. A^R; ofB,we 
have a from A^B; and c from the t^ird ^IntioiL AJB^; eadi quantity 
mnfft a^n he divided by the total v^olume in order that the concen- 
tration may he ohtaineri. The other er^tiations foUow in a similar 
manner. 

r>n rMnct ion they give — 

k-V/^a^-ah-a^^-'hc; , ^ V^/ - ab ^ bd + ad 

k // - , , : K^p = , etc. 

a h - c - d a -r b ^ c + d 

Nr»w, in order that the st^te of diw^ciation of the four substances 
Rhall hf. iinchange*^! it m necefwtary that the relations between a and o, 
h and fjf/-,., remain a« in the original e^juations. From these and 
thf' alK»vf? ^/jimtions we obtain by division — 

a' V a>> ^ ac - be , h' a/1 + bd + ad 
a f b V c + fl a + b + c + d 

whoiM^d ad >>c ; afl = be, etc. 

/.r. in onlor that the Htate of disHOciation may remain unaltered the 

cntulitinn , 

ad = be 

muBt bo fullill(Ml. 

n\it. tho volumoft a, b, c, d, are ])roportional to the active or dis- 
m>oirtlod portions of the various electrolytes, a and d belonging to the 
i^\\kM^\noos \,\\, and AA» which by their mutual action give AB, and 
\t\\. Tho dissooiatod quantitioa are again projx>rtional to the total 
quamiliovH \s k\, \>\ and q\ each multiplied by the resi^ecuve factor of 
di^^xvUtion, m,. m,. m,. m,. Consequently we get the following 
f(>rmwU fK>r iHiuilibrium 

m4> . m^q = mjV . m^q' 
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his is not otJy a representution of Guldberg and Waage's law of tha 
ktion of mass (p. 298)^ for whicli we put m^nij,^ c and m^m^ = c', but 
it ako contains the extension discovered by Ostwald that each of the 
coefficients c and c' falls into two factors, one of which depends only 
m the acid, and the other oidy on the base, or, more accurately, one 
only on the positive ion and the other only on the negative ion. 

The equation, howeverj goes beyond this empirical relation. It 
ibws that the coefficients nijM^ , . . w^hich in the former equations 
were, as a first approximation, looked upon as constant^ are in fact 
not so. The coefficients of dissociation depend not only on the nature 
trf the substances themselves, but also on the presence of other suh- 
(tances containing the same ion, and from this last circumstance are 
lubject to considerable variation. In this w^e find the explanation of 
the various exceptions from the law of the action of mass in the form 
sontaining the two coefficients as constants. 

If all the substances taking part in the reaction are highly dis- 
KMiiated, the presence of the other substances has no notable infiuenca 
)n the state of dissociation of the several bodies. If slightly disso- 
Hated substances, on the other hand, are present, their dissociation is 
iiminished the more the smaller it already is* We thus see that 
Weak acids or bases in presence of their neutral salts (always rather 
highly dissociated) must be much weaker in their action than when 
they act alone. This fact also had been established empirically long 
before its explanation was given, A detailed investigation of the 
subject would take us far beyond the limits of this book. It should 
only he stated that so far as the results of the theory of isohydric 
aolntioas have been developed, the agreement with observed facts has 
fen of the most satisfactory nature. 
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feffFLTTlKOll OF THE NATURE, COMPOSITTONj ANT> CONSTITUTIOS 
OF SUBSTANCES ON THKIR AFFINITY 

The conception of a chemical element was, up to abotit the time of 
Robert Boyle^ not that of a substance, but of a property or pleins o^ 
pr0]}6rtieBj so that the presence of an element in a substance was 
recognised in the possession by that substance of a cert-ain property. 

In the course of the later development of chemistry this conception 
vas replaced by another, and by chemical elements came to be mider- 
e to 0(1 the undeeom posed residues of natural substances. On ih 
assumption that the elements as such continued to exist in compounds, 
their distnbution only being varied, there remained the theoreticjil 
necessity of believing that in these compounds the properties of the 
elements, in particular their mass, continued in existence also. 
saw at the very outset how exactly this assumption is justified by the 
facts. 

The question of course soon presents itself: What are these 
essential " properties still to be found in the compounds 1 Evidently 
they are such as are connected with the substance of the elements and 
independent of the distribution. These properties accompany the 
elements in their compounds and assume values in the latter represented 
by the sums of the values pertaining to the elements. In a word 
they are the additive properties. 

No strictly additive property is known save mass. The specife 
heat of solids has this character very nearly ; to a less extent it is 
possessed by the refractive power and the volume of organic bodies. 
Here already we meet with the second circumstance that in the m^)6t 
decided way determines other proi^erties, such as colour, melting and 
boiling points, crystallitie form, etc. — the arrangement of the elements 
in compounds. We have already named the properties determined by 
the joint influence of the nature and arrangement of the elenienta 
constitutive. The extreme is formed by properties no longer 
depending on the nature of the elements at all but only on their 
distribution; these we have termed colligative. 
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To which group does the affinity — the capacity of the elements to 
xert chemical action — belong ? Evidently to the constitutive group ; 
3r our daily experience shows that both the nature and what we call 
he arrangement of the elements is of influence. Acetic acid, lactic 
cid, and glucose, contain the same elements in the same proportions 
•y weight, but they exhibit quite different capacity for chemical 
eaction. Butyric acid and acetic ether have not only the same 
omposition but the same molecular weight, yet their affinities are 
ompletely different. 

This shows that the distribution of the atoms has the greatest 
afluence on the affinity ; on the other hand, that the affinity depends 
►n the nature of the elements scarcely needs illustration. Oxygen 
lerives its name from its capability to endow substances in which it 
8 contained with an acid character, provided that these substances 
ire so composed that they can act as acids at all. 

In seeking the regularities which govern the affinities of substances, 
ve first of all consider the elements. It was observed in the discussion 
)f the periodic system (p. 37) that the power of elements to form 
icids or bases, and to unite with various other definite elements, is 
lubject to perfectly regular changes. These relations are unfortunately 
)nly qualitative for the most part, so that it is not yet possible to 
Jstablish set numerical laws for them. It is true that attempts have 
)een made in this direction, but the results as yet obtained are open 
x) doubt. 

We are somewhat more advanced with respect to chemical com- 
pounds. There are numerous and comprehensive researches by Men- 
jchutkin (since 1879) on the formation of esters from organic acids and 
ilcohols, which have yielded regular results, at least for limited groups 
)f homologous and analogous compounds. Thus the normal primary 
ilcohols (with the exception of methyl alcohol) are esterified at the 
ame rate; the primary alcohols not normal, and the unsaturated 
.Icohols, more slowly ; the secondary alcohols more slowly still, there 
>eing in addition differences within this last group. If the same alcohol 
i allowed to act on different acids, it is found that the primary fatty 
cids exhibit a decreasing velocity with increasing molecular weight, 
'he secondary acids act more slowly, and the tertiary acids slowest 
f all. 

The results of the foregoing experiments cannot be given more exactly 
lan has been done above, as only the direct measurements of the amounts 
ecomposed in unit time have been ascertained, and not the coefficients of 
elocity calculable from them. Still these investigations are of great 
Qportance in so far as they were among the very first to direct attention to 
Jtions of affinity susceptible of quantitative determination, though not yet 
[pressed in a general measure, and to their dependence on the composition 
id constitution of the bodies investigated. 

A research based on a well-defined measure of affinity determinable 
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witli numerical exactness only became possible, when, by the deveJo 
ment of the electrolytic theory of dissociation the formula was fou~ 
from which a constant of a general character and independent of t 
dilution couid be calculated. This constant has a claim to serve 
the measure of affinity. As was shown in the preceding chapter the 
chemical activity (at all events in such processes as involve acida^ 
bases, and salts) is measured by the degree of dissociation^ whi 
however, depends on the dilution according to the formula 



= ky. 



The formula contains a single constant k, determined by the nature 
the substance, and this constant is the required measure o 
chemical affinity. 

To grasp its significance let us imagine half of the substance to 
dissociated. Putting m=^*5 we get 



1 



2 k is thus equal to the reciprocal of the volume, ie. to the concenti*^ 
tion, for which the electrolyte is exactly half dissociated. 

The measurement of electric conductivity is the simplest and mo"' 
exact method of measuring k. We have seen (p. 362) that the 
extent of dissociation m is the ratio between the corresponditi| 
molecular conductivity fx and the limiting yalue of the conductivity 
for infinite dilution, 

In the short time which has elapsed since the establishmeot of 
these relations, it has not been possible to answer the questions 
pressing for solution with any degree of completeness. The constant 
k in its dependence on the composition and constitution of organic 
acids has alone formed the subject of investigatioUj for here there 
was the immediate possibility of collecting abundant material lor 
comparison. The measurements made by Ostwald (1889) on some 
240 acids have brought to light quite a number of regularities, wMeli 
in part at least admit of a deeper insight into the nature of chemical 
t'Oimpoimds than the methods hitherto employed have enabled iifl to 

following pages contain an account of the most important 
of the experiments. As the constant derived from til 



^ — = k is inconveniently small, the larger number 

k Till be vised in what follows ; the relations between tlie 
remain of course quite unaffected by this. All 
determined from the molecular conductivities at 
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memliers decrease continuously ; 
substitution of CH^ for hydrogen thus lowers the activity of the acids. 
After the third member the values vary irregularly by small amounts, 
TLe substitution therefore when taking place at a distance from the 
carboxyl group exerts no noticeahle influence on the latter : other 
influences then come into play, but these are at present beyond our 
knowledge. 

It is somewhat remarkable that the isomeric butyric and isobutyric 
acids should have values almost equal. This is not of frequent 
occurrence, isomeric compounds having mostly very diverse values. 

If we introduce chlorine into acetic acid in place of hydrogen, the 
ccHBtant is considerably raised. 
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Inquiring into the manner in which changes in the complex affect the 
carboxyl and thus the constant^ we may first of all osk whether the 
^^tter is altered by the same amount or in the same ratio by 
the changes. A glance at the numbers is sufficient to show that the 
latter alternative only is possible. The differences for the substitution 
of one atom of hydrogen by chlorine are "153, 4'99, and 11 6, while 
the corresponding ratios are 86, 3 3 '2, and 23^5. That the last numbers 
m not equal is not surprising, for the changes are not equal, chlorine 
in the first case entering a molecule in which no chlorine is already 
present, while in the second case the substitution is eilected in the 
group CHgCl, in the third case it is in the group CHCl^. The three 
changes are thus not the same but only similar, and the ratios eorre- 
Bpanding are consequently not equal but only of the same order. 

The influence of the substituent chlorine on the acid properties 
of acetic acid is very considerable ; we must therefore attribute to it 
important " acidifying " properties. The way in which this action is 
Jierted can at present scarcely be indicated even hypothctically, 
Berzelius assumed that the atoms of chlorine were charged with a 
omewhat large excess of negative electricity and therefore exerted 
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> pr'.».ai,i ' Vi "•ouctht in ::he iction jI 'lie ':-aeic .Jfiup }vHL, . umdovyiu 

Thft /-ipiacement ot "he hy^irogen of acetic aciii br apirixyl alao 
'•onfl!*.r,n=i a coniiifierahie riae in zhe strength ot zhe acid, rhe oonsronc 
/^/iiiic ar:iri "oeing vjme eight times greater than the ooastant ot 
^,fttir: H.('A(L Ff rdroMuIphvL SH, in the same position i>ctaksions a some- 
what gr^atfir increase than hydroxyl : aa we might expect from 
\i'!f\rh<fHf\ Hulphifle being a stronger acid than water. 

ff .1 Hfioonfi hydroxyl ia introduced into acetic acid, glyoxylic acid 
iff \>rfA^\(:cA. 

Glyoxylic acid CH(0H)X02H 0474 
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The ratio between acetic and glycoUic acids is 1:8; between the 
ftter and glyoxylie acid 1 : 3. The second substitution of hydroxyl 
thus less effective than the first. This result may be compared with 
ie corresponding one for substitution of chlorine; there we found the 
Ktios to be 1 : 86 and 1 : 33, which are related to each other exactly 
I the ratios of the oxyacids. 

With thioglycoUic acid we may compare thioacetic acid. We 
Kve — 

Thioacetic acid CH3 . COSH -0469 

Idle the constant for thioglycoUic acid is '0225, not so much as half. 
Tie reason lies in the much closer connection in thioacetic acid 
etween the entrant " negative " sulphur atom and the acid hydrogen 
bom, the action of the sulphur coming much more strongly into play. 

The hydroxypropionic acids are quite parallel to the corresponding 
erivatives of acetic acid. We have two monohydroxy-acids however, 
nd these have different constants. 

Acid. K. 

Propionic. . CH3.CH2.CO2H -00184 

Lactic . . . CH3 . CH(0H)C02H '0188 

iS-Oxypropionic . CHaCOH) . CH.^ . CO2H '00311 

While the hydroxyl in the a-position increases the constant of 
iropionic acid tenfold, the same radical in the ^-position only acts with 
he factor 2*3. This is a very clear case of the general principle that 
he action of the various elements on the affinity depends not only on 
heir nature, but also on their " position." It is not a great step to 
ake this last expression — hitherto used more in a figurative sense — 
iterally. It is true that by doing so we enter the domain of hypo- 
hesis; but it is the already quite familiar ground of the atoum 
lypothesis ; if we once assume discrete material particles we mu>it allot 
ihem position in the molecular structure. 

Exception has been taken to this conclusion on the ground that a/^>rdijig 
to all we know of the nature of the atoms in molecules, or are jwiti^tA iu 
iissgeetmg, ibeae atoms are bj no means at rest, but are proljably in a «tate 
of brisk motioii. This we must undoubtedly grant ; but it should be sM^A 
tliat the morements must be of very limited nn^ If ther were m c^m- 
ndexaUe as to make a distinction between the postiofis <A the a and 
/Mwdroxjl unjustifiable, then the corre^pcHiding mxoem dboolol exbibtt 
■0 dieaikal dilE&naioe ; in fiact the existeuoe of isomers UAiem would Ije 
ia^Qsible. At hi^ temperatures both the translatoTir and httma^A^i^^xhur 
MioK beoorae more rioLoit ; and it is known that then iscaaerk ^/mycrmdie 
tta ofum citazige into eaeh othtr- 

11 a ^Inrdroxyl is introdna&d into Wde acad. ^T<«rk add u the 
prodocL 
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The ratio of the constant to lactic sicid k 1 T, while the ratio between 
propionic aeid and /3-oxypi^opionic acid is 2^3, The alteration is m 
both cases of the same order ^ but smaller where the substituting 
radical is already present. This is exactly what we found for tlit 
chlorine and hydroxyl substitution products of acetic acid, 

A similar influence of the position of the Bubstituent is seen in the 
case of levidinic acid. 

Levulinic acid CH^ . CO . CH^ . CH. . CO^H ^00255 
Apart from the position of the carbonyl group this acid is re 
to valerianic acid as glyoxylic acid is to acetic acid. The ratio 
former acids ia, however, only while the ratio between 

latter is 26 : L Tbe enormous difference can only be ascribed to tk 
distance of the oxygen atom (or the equivalent to hydroxyls) from 
the carboxyl in le%^ulinic acid- 
Further examples of the influence of position are to be found m 
the following substances : — 

Acitl. K. 

jS-Iodopropionic . CH^I . CH^ . CO^H 'Omo 

Triclilorolactb ^ - CCla . CHOH , COaH 465 

Trichlorobiatyric , CH3 . CHCl . CCI2 . COjjH 10*0 

NitTocapmic . , CH,, . CHCNOa) . GiQR^)^ . CO^H -0123 

Dinitrocaproio , . CH3 . C(N02)2 . C(CH3)2 , CO2H 'Om 

The constant for a-iodopropionic acid is unknown, but it m^j be 
estimated as approximately equal to '12; ^-iodopropionic acid kfl 
thus a constant some thirteen times smaller. The great influence d 
position appears the more clearly as the suhatituent is stronger. 

In the case of trichlorolactic acid the difference is still more marked 
The constant of lactic acid is '0138, and the three chlorine atoms have 
increased this in the ratio of 34 to 1, The same substitution for 
acetic acid gives an increase in no less a ratio than 67000 : 1, ie. the 
influence in the latter case is some 2000 times greater. 

Mononitrocaproic acid with the constant '0123 conducts 8 5 timfis 
better than caproic acid. It cannot therefore be an a-compound; for the 
nitro group proves itself to be far more negative than chlorine, and 
chlorine in the a-position effects an eighty-fold midtiplication of the 
constant. The number, however, corresponds very well with the 
supposition that the nitro group is in the /3-position, an assumption 
already made from the chemical behaviour of the substance. The 
introduction of a second nitro group occasions an increase of the 
constant of mononitrocaproic acid in the proportion of 5'6 to ^* 
The factor for the second group is smaller than for the first, a fact m 
agreement with what we formerly found. 

The in6uence of position can be investigated much more exten^ 
sively for the derivatives of benzoic acid than is the case with acids 
of the fatty series. For example the following constants have he^^^ 
observed : — 




mger e¥en than acetic acid. Phenyl is in general more negative 
m methylj for phenyl alcohol or pbeool has the characteristics of ik 
ak acid, which is not the case with methyl alcohoL The substituting 
droxyl according as it occupies the ortho, metaj or jmra t^osition is 
jremely different in its action. In the opposition its influence is 
latest — the constant is multiplied by 17. The increase Is only in 
& ratio 1^4 : 1 when it occupies the m^positionj while in the 
KJsition its entrance etiects a weakening of the acid^ the constant 
iking to about half its former value. 
This last result is eapecLally remarkable and of great importance 
every future theory of chemical aflSnity. For we see that here the 
trj sign of the influence exerted by a aubstitnting radical can vary 
tthits position, and must thence conclude that the actions here at work 
?e not merely greater or less according to the distance of the active 
jibstance, but depend also on the direction in which they are effectivej 
adding one mass to any part of another we can only increase the 
faction on an external point. The increase may vary in magni- 
me according to the place of the new^ mass, but can never pass into 
idiminution. From the value obtained for p-oxybenzoic acid we must 
i^w the conclusion that the action of the substituents on the affinity 
i acids is not of such a character as the attraction of masses ; the 
Hions must rather be represented as directed magnitudes, like 
I^Qcities or forces, which have the property that their sum may be 
■ftati either of the components ; the sum of tw^o equal and opposite 
ilocities being zeroj for example. 

From the eff'ects produced by the introduction of hydroxyl into 
|ie three different positions in benzoic acid, we can very closely esti- 
iite the constants of the other oxygenated benzoic acids. The 
bllowing numbers have been obtained for these substances, the position 
if the hydroxy Is with reference to the carboxyl group being indicated 
the numbers affixed to the formula, counting from the carboxyl 



jpoups as 1 : — 

Add. 



■lOB 
5*0 



Oxyjsalicylic 
OxysaUcylio 
tt-Resoroylio 
/S-Kysorcylic 



CeH,(OH),CO,H (2,3) 
CfiHa(OH).,CO^H (2,5) 
C,H,(OH),CO,H (2,4) 
C8n3(OH)^CO,H (2,6) 
CeH,(OH),CO,H (3,4) 
C,H,{0H)3C02H (3,5) 
GeH2(OH)3GO.^H (3,4,5) 
C«H,(OH)3CO.iH (2,3,4) 
CaH2(0H),C0sH (2,4,6) 



Pratocatecliuic. 
S'Dioxyben2oic 



'0033 
-0040 



GaULc 
PyrogaUol-carbosyUc 
Phlgroglnoin-carboxyHc 



*055 
2^2 



I 




sso 
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Accoixling to what we have us yet met with, the simultaneous 
action of several ssubatiiiietita whs mostly of such a character that mh 
contrihutccl a factor to the constant according to its nature mi 
pOsitioiL The factor was to some extent, but not entii^ely, indepcDdeflt 
of what already existed within the molecule, being less for the second 
substitution for the same group than for the Erst. 

Thus %re should bo led to expect that 2, 3-oxjsalicylie acid should 
be somewhat stronger than salicylic acid j because the m-hydrojcyl 
which has entered, increases the constant slightly (p. 379). Salicjlie 
acid has the constant "102, oxy salicylic acid '114, thus confinoiug otir 
expectation. 

In 2, 5-oxysalicylic acid the hydroxy 1 likewise occupies the in* 
position ; the two isomeric acids have therefore both the hydroxyl 
groups equally distant from the carboxyh Nevertheless they are 
somewhat ditiereut ; the 2, 5-acid being indeed stronger than saliijylic 
acid but not so much so as the 2, 3-acid, This proves that the action 
of the separate suhstituents is to a small but still noticeable extent 
dependent on the others. 

If the two formulsB are written down in the ordinary way witl 
the benzene nucleus represented by Kekul^'s hexagon, it will he mn 
that the position 2, 3 is more favoui'able to the mutual action than 
the position 2, o, 

n-Resorcylic acid (2,4) is i>roduced from salicylic acid by tb 
introduction of hydroxyl into the p-position ; it should therefore be 
only half as jiowerfu! as the latter. Its constant *0o2 is, in fact, only 
half that of salicylic acid, "102. 

In ^-resorcylic acid there are two hydroxyls in the o-position* 
The first hydroxyl introduces the factor 17, the second hydroxy 1 
supplies the factor 49. This is contrary to what w^e found hefore 
(p. 37o), viz. that the second of two like snhstituente effected a smaller 
increase than the first. The new phenomenon, however, is not 
a singular instance, as may be seen from the following figures 

Gallic C^BniOB^QO^B. '0040 

Monobiomogallic . , . CQHBr(OH)3C02H '059 
Dibromogallic . . . 0QhT.^0R)fiO,^ 1-21 

Since the three hydroxyls occupy the places 3, 4, 5 the bromine 
must both be in the o-position. The first bromine atom increases tte 
constant 15 times, the second atom 20 times. Here also then the 
second suhstituent acts more powerfully than the first. From thia 
it follows that the opposition in the benzene nucleus conditions quit^ 
different actions from the a-position in fatty chains, A compi'^^ 
hensible geometrical explanation of these peculiar relations is not fas^ 
to seek, but we cannot enter upon it here, 

Protocatechuic acid with one hydroxyl in the m-position and the 
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in the p-position, should owing to the latter be only half as 
g as m-oxybenzoic acid. This also is actually found to be the 

ymmetrical dioxybenzoic acid has two m-hydroxyls and conse- 
bly a constant '0091, exceeding slightly that of m-oxybenzoic 
•0087. All the dihydroxylised benzoic acids thus obey the law 
the constants of affinity of multisubstituted acids appear approxi- 
ly as products of the "factors due to each of the substituents 
•ately. 

t is also possible to calculate to a considerable degree of approxi- 
on the constants for the trioxybenzoic acids as yet known. Thus 
3 acid is the p-oxyderivative of symmetrical dioxybenzoic acid; 
instant should therefore be about half that of the latter. The 
il numbers are '0040 and '0091. Pyrogallol-carboxylic acid, 
e p-oxyderivative of oxy salicylic acid ; the constants are *055 and 
^again in the ratio of 1 : 2. Phloroglucin-carboxylic acid, 
y, is the p-oxyderivative of j8-resorcylic acid, and their respective 
bants are, according to expectation, 2*2 and 5*0. These relations 
good with such certainty that the constants for the three unknown 
:ybenzoic acids can be given beforehand, so that once the acids 
3repared, a simple measurement of their electric conductivity will 
36 to determine their constitution. Other substituents in benzoic 
behave quite similarly to hydroxyl. Only a sm^all number of the 
ible compounds have hitherto been measured. 



Acid. K. 

0-Chlorobenzoic ^ -132 

m-Chlorobenzoic i . . C8H4CI.CO2H '0155 

p-Chlorobenzoic J -0093 
o-Bromobenzoic ) C H Br CO H 

m-Bromobenzoic i ' ' •64-2 .Q^gy 

m-Fluorobenzoic . . C6H4F.CO2H -0136 

m-Cyanobenzoic . . C6H4(CN)C02H -0199 

o-Nitrobenzoic ^ '616 

m-Nitrobenzoic h • • • C6H4(N02)C02H '0345 

p-Nitrobenzoic J -0396 

o-Nitrosalicylk I CeH3(0H)(N02)C02H ^'^ 

p-Mtrosalicylic 5 6 3v a 2; 2 .gg 

Bromonitrobenzoic . . . C6H3Br(N02)C02H 1-4 



\e numbers again call for a few remarks. Chlorine as a substit- 
in benzoic acid acts quite differently from hydroxyl. Whereas 
ylic acid is much stronger than o-chlorobenzoic acid, m-chlorobenzoic 
p-chlorobenzoic acids are more powerful than the corresponding 
•oxyl acids. Chlorine in all three positions increases the constant, 
nine behaves very similarly to chlorine, only, while the ortho 
pound is somewhat stronger, the meta compound is distinctly 
ser than with chlorine. m-Fluorobenzoic acid has exactly the 



OUTLmES OF GENERAL CHEMISTRY 



Bsm^ coiietant as the corresponding bromine compound — an nne^pectd 
\ mult, m hydrofluoric acid is mucli weaker than hydrobromic acid. 
Cyanogen shows its strong negative character in this case also^ lu 
influence snniassing that of chlorine ; as cyanaceti'c acid is considembly 
stronger than chloracetic acid, so is m-cyanobenzoic acid superior in 
point of strength to the chlorine compound corresponding. 

A group still more negative than cyanogen is the radical NO^, 
In the ortho compound the constant of benzoic acid is increased one 
hundredfold, the constant of the meta acid is 5^7 times, and of the 
l^iara acid 6-6 times greater than that of the unsubstituted compund. 
Here the |>n it robe n zoic acid appears stronger than m-nitrobenzok 
acid, the opposite being usually the case. This circumstance renders 
it probable that the complex of six carbon atoms composing the 
benzene nucleus is not a rigid aggregate^ but ig rather deformable 
according to the nature of the atoms or radicals bound to it 

The two nitrosalicylic acids contain the nitro group in the meta 
position with respect to the carboxyL They are both considerably 
stronger than the parent substance^ and the factor in both easei is 
greater than that connecting benzoic and m-nitrobenzoic acid. Simikr 
phenomena have already been noticed {p. 380). 

Eromonitrobenzoic acid, finally, contains nitroxyl in the ortho^aad 
hronune in the meta position. This latter, if we titke the numbers for 
benzoic and ni-bromobenzoic acid as basis, would more than double the 
constant. Thus, since o-nitrobenzoic acid has a constant of "62, fffi 
should expect for bromonitrobenzoic acid a number lying between 1"3 
and 1 ^4 ; and this is the result of actual measurement. 

Up till now we have considered almost exclusively compounds 
containing negative substituents, i.e. such as heighten the acid character 
of a substance. We meet with the group methyl, however, which (p^ 
375) under certain circumstances (e.^. in the passage from formic to 
acetic acid) diminished the value of the constant. But this is oot 
always the case. When methyl is substituted for hydroxy l-hydrog€D 
in glycollic acid the constant becomes greater. Ethyl acts less power- 
fidly than methyl. 



GlycoUic . 
MethylglycoHiD 
EthylglycolUc . 



CH,OH.COaH 
CH.,0(C£H6).00.H 



■0152 
■0234 



Phenyl has already been recognised as having a greater ^^^^ 
forming capacity than methyl, so we cannot be surprised that phenyl- 
glycollic acid is much stronger than glycollic acid itself. 



Acitt 

Phenylglycoliie 
p-Nitroplieuylglycollii;! 
O'Nitropheny Igly tiollio 



CH^0CCflH5).C0^ 
CH,0{CtfHi.NOa)CO^H 
CHjOCCaHj. NOJCO..H 
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The behaviour of the two nitroderivatives of phenylglycoUic acid 
is very remarkable. While the entrance of the nitro group into the 
oxtho position in benzoic acid occasions a multiplication of the constant 
100, and into the para position by 6*6, in the present case it only 
doubles the constant. This illustrates very clearly the decreasing 
influence exercised by the substituent as the distance from the carboxyl 
group becomes greater. It will be seen also that the difference 
l^etween the ortho and para positions has here almost vanished. 

These relations are still more clearly apparent in the case of the 
following derivatives of succinic acid — 

Acid. K. 

_ SuccinanUic .... C2H4(CO . NH . C6HB)C0aH -00203 
o-Chlorosuccinanilic ^ '00208 

m-Chlorosuccinanilic I C2H4(CO . NH . CeH4Cl)C02H -00209 
p-Chlorosuccinanilic J -00209 

o-Succinotoluidic ] ^ „_ ^ _ *00208 



p.Succi„otoluidic } • • CA(C0.NH.CeH,.CH,)C0^:;^^^3 

The constants of the substituted succinanilic acids are equal within 
^he limits of the experimental error to those of the parent substance. 
The distance between the substituents and the carboxyl, represented 
m the following formula — 



A 

1^1 _N— CO— CHg— CHg— COOH 



—CI 

■N- 
H 



^ oonsequently already greater than the distance at which the "molecular 
^^trces " are active. 

Amidogen, NHg, is of distinctly "electropositive" character, i.e. it 
Wakens the acid properties of substances into which it enters. For 
^^stance, its introduction into benzoic acid gives the following 
^'U.mbers : — 

Acid. K. 

Benzoic CgHg . CO2H -0060 

o-Amidobenzoic ^ -0009 ^ 

p-Amidobenzoic V . . CeH4(NH2)C02H -0010 V (approx.) 

m- Amidobenzoic J -008 ; 

The constants of the amido acids cannot be determined with pre- 
cision owing to experimental difficulties. Those for the ortho and 
para compounds are less than the constant of benzoic acid ; but, strange 
to say, the constant of the meta compound exceeds it. 

If an acetyl group is introduced into the amidogen, the basic pro- 
perties of the latter are not only balanced, but outbalanced; the 
constants of the ortho and para acetamidobenzoic acids are greater 
than that of benzoic acid. In the para compound the weakly negative 
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mdieal effects n dimmutioa, exactly m we IqudcI to be the case wit^ 
hydroryl (p. 379). 

BenjMjic .... QH^^COOH -0060 

m-Aoetemidobenziiic J * - CrtH^(KH . CO . CBWCOOH -ms 
p-AisetAtnidoWnKoic J -0052 

The foregoing examples will siiffica to uhow the character of the 
irifoniiation derived from the measiu'ement of the constant of electro- 
lytic diBsociatioii, K; a complete enumeration of the results alredy 
obtained in this direction would here be out of place. We shall 
therefore confine ouraelves to some consideration of the significance 
and iiii]>ort of t he constants discussed in the preceding ]mges. 

The constants show themselves dependent on the nature and 
composition, and al&o in the highest measure on the constitution, 
of the substances investigated. For the dioxybenzoic acids, all having 
the aarne eomp<jsition, the numbers lie ]>etween "003 and 5*0— in tbd 
ratio of 1 : ICOO. We have, therefore, here to deal with a propertj 
of eminently co nst i tut i ve character. Now we are already acquainted 
with a number of constitutive properties, such as the boiling and 
melting points, colour, crystalline form, and the like, yet none of thaw 
allows of any definite insight into the determining cauae, the chemical 
constitution. It ig true that when the constitution has been more or 
loss apijroximately aaeertained by purely chemical methofls, cBipirical 
relations may be found ; but these remain quite on the surface ml 
are wanting in generality. The cause of this is the insufficient 
character of our conception regarding the nature and extent of the 
influence exerted by the distribution of the atoms within the molecule 
on the properties in question. 

I believe I am right in saying that the constant of affinity, which 
IB of so essentially constitutive a nature, is to be put far before the 
other properties named above in respect of its theoretical applicability- 
Even now, when the constants are for the first time determined and 
compared, far-reaching and general conclusions can be draMTi from 
them. The result tTiat one and the same atom according te it^ 
" position " in the molecule exercises perfectly diiferent actions, 
which are greater the more direct the relation of the atom to the 
carboxylic hydrogen atom, leads us to the general conclusion that 
these actions are functions of the distance between the atom 
this we have for the first time a means of measuring distances in 
the molecule. Of course it cannot for a moment be doubted thi* 
much and arduous work has still to be done before such measurement^ 
will lead to results that will give us on all sides a complete picture of 
the form of the molecules ; but that this object may be attained 
even already to be beyond question. 
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It has been stg-ted above that the constant of affinity of acids is in 
general to be represented as aproduct, whose factors are determined 
>y the nature and position of the elementary atoms composing the 
fccid. This follows from the fact that analogous changes in analogous 
substances alter the constants in the same ratio. These factors, how- 
3ver, are never exactly equal, the cause of this being, of course, 
iihat no two analogous changes are exactly the same. For example, 
in the transformation of acetic acid into glycoUic, and of propionic 
swid into lactic, the two changes effected are indeed very similar but 
In the first case the hydroxyl has two hydrogen atoms for its neigh- 
bours, in the second case one hydrogen atom and a methyl group ; it 
will, therefore, itself be under different influences and thus act 
differently on the carboxyl. The same holds true for all other corre- 
sponding cases. The approximate character of the general relation is 
consequently shown to be necessary; the divergence from the general 
scheme is conditioned by the nature of the case and will assist us in 
bringing the cause — the secondary actions — to light of day. What may 
be said universally of constitutive properties — that they can never be 
completely represented by any scheme, for that is essentially opposed 
to their nature — is particularly true for the constants of affinity. The 
multiplicity of nature is specially manifest in them, producing within 
a framework of the broadest generalities the most delicate individualisa- 
tion. 

The form of the constants of dissociation as a product of factors, 
k = kikj5k3. . ., has a deeper meaning, to be seen by reverting to the 
formula of dissociation itself. This was obtained from thermodynamics 
in the following form (p. 314) 

''PiPa KT 

where pi and pa are the partial pressures of the products of decom- 
position, p that of the undecomposed substance, p the heat of dissocia- 
tion, T the absolute temperature, K the gas-constant, and C a value 
which is only a function of the temperature, — which, therefore, at a 
steady temperature may be regarded as a constant. 

In the case before us Pi = pg, and as Pi and p are proportional to 

— and - — it follows that — = ^— — and consequently 
V v ' P2 m2 ' ^ J 



or 



Now the constant of affinity k = ^ — ; and as in general k 
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The constant C depends only on the units and points of origin 
chosen ; therefore^ if on the left-hand side there api>ears a sum of 
terms Ig k, to each of these on the right-hand aide there must corre- 

BDond a term - so that ~ is likewise reaolved into a sum of terms, 

- + ^ + f% + k^ always eorreeponding to f^. 

In other words ; The natural logarithm of the constant of affinity 
(or dissociation) is proportional to the heat of dissociation of the acid 
on it3 decomposition into ions. As the former is composed of a series 
of terms depending on the nature and position of the constituent atoms, 
the heat of electrolytic dissociation must be determined by a corre- 
Bponding numl»er of terms each depending on the nature and positloii 
of one of the atoms. 

Now in this case the heat of dissociation is an exact measure of 
the work done on the separation of the replaceable hydrogen atom 
from the negative ion, since there is no external work and the statfi 
of the substances under consideration approaches the ideal gaseous 
state. Consequently the heat of dissociation measures the poteDtial 
function of the atomic complex for the corresponding state, and wfi 
see that this potential is the sum of those values which the separate 
atoms contribute to the total according to their nature and positim 
Elements like chlorine, sulphur, etc., which increase the constaot t 
diminish the heat of dissociation j for Ig k and p have opposite signi. 
Amidogen, on the other handj which diminishes the constants increases 
the heat of dissociation, Le, increases the work necessary for separating 
the replaceable hydrogen atom. 

In these considerations the question already discussed— the coit^ 
nection between chemical affinity and heat of reaction, finds it* 
theoretical explanation* 

Here too we see the essentially constitutive constants of afiSnitJ 
resolved into the additive form. This was done by the influence of 
constitution, or relative position, being itself included in the terms to 
be eammed, A similar development awaits the theory of all con- 
stitutive properties ; for no other form to express the common actioa 
of difl'erent elements seems imaginable to us than the form of a Bunt 
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